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INAUGURAL ADDRESS 

By William B. Woodhouse, President. 

{Address delivered before Ti-ie Insittution, 2Zrd October, 1924.) 


To be elected President of the Institution of Elec¬ 
tric?,! Engineers is an honour carrying with it a measure 
^of responsibility, of which I am deeply conscious. It 
is an honour which I value not only as a personal one 
but an, in some degree, a recognition of the importance 
of the branch of electrical engineering in which I am 
engaged. I thank you very much. 

The Institution. 

The Institution, to be fully representative of the 
activities of its members, must engage in numerous 
and diverse works. Its rapid growth in recent years 
has been due, I think, to tlie appreciation of this necessity 
and to the policy of the Council of aiding, by a frank 
and ffelpful recognition of sectional interests, the creation 
of other organizations to meet new needs as they arise. 

Amongst such bodies may be mentioned the British 
Engineering Standards Association, whose good work 
is yearly showing itself to be of more and more value ; 
the Electrical Research Association, whose contributions 
to knowledge will, I hope, continue to flow in an 
increasing volume; and the Electrical Development 
Association, whose mission is not only to educate the 
public in matters electrical but to emphasize the 
mutual interdependence of various sectional interests 
-on one another. 

TheJWkelcss Section of the Institution, the Local 
Centres, the Centres overseas and the numerous special 
Committees of Ihe Council all indicate a policy of 
enlisting the active support and direct efforts of as 
largeji number of members as possible in the great work 
of development which the Institution has undertaken. 

The contiifued work of the body of members in the 
past lias resulted In a general increase of knowledge, 
in which the whole world shares, and in a variety of 
ways has helped to improve the status of the electrical 
engineer. Our duty each in turn is to repay, so far 


as we can by working for the common good, the benelits 
which we have received from the work of others. 

The granting of the Royal Charter to the Institution 
Avas a gracious recognition by His Majesty the King of 
the distinguished position Avhich the Institution now 
holds. During the past year, in connection with the 
World Power Conference, a further mark of Royal 
favour was shown, by the Garden Party given by His 
Majesty to representatives of the Institution and of the 
foreign delegates to the Conference. I am sure that all 
members will value this additional recognition. 

Education. 

The electricity supply industry, the branch of elec¬ 
trical engineering in which I have spent the greater 
part of my professional life, is now reaching a stage of 
development at which the magnitude and nature of 
the problems to be dealt with arc becoming more clearly 
defined. One of these problems is that of the training 
necessary to ht the younger men to carry on the growing 
work before them; and the rapid growth of the 
industry makes the problem of more than usued impor¬ 
tance, 

In any industry the men employed may be divided 
into three main groups : the general body of employees, 
the executive officials and the administrative officials. 
The ideal system of training is one which, whilst estab¬ 
lishing a regular curriculum for each class of worker, 
allows sufficient latitude to permit the advancement 
of men whose ability and character show them deserving 
of transfer to higher positions, even though the regular 
course of training has not been followed. 

The problem is not a new one, and the most successful 
solutions appear to be these which are flexible enough 
to meet the steadily changing conditions that arise. 
My own^ view of the most suitable general training of 
the oihcials is that it should include not only technical 
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instruction and practical experience in the supply- 
industry, but also experience in one or more sections of 
the manufacturiri^ industry. A system of interchange 
between manufacturers and supply undertakings should 
be of value to both sections of the industry, and in many 
cases benefit would, I think, arise by periodical inter¬ 
changes of stafE between supply ftndertakings. In this 
. connection my view is that such a course of training 
should^ include not only the technical but also the 
accountancy side of the business. Familiarity with the 
ordinary methods of ^accountancy is somehow quite 
unusual in young engineers whose mathematical abilities 
^o far beyond the sinf^le but important arithmetical 
processes of the bookkeeper. 

The whole subject is one which, I think, should 
repay discussion, bearing in mind that although the 
system of scholarships at universities and technical 
schools helps to keep open the career to the talents, 
there is a direct obligation on the industry to bear the 
cost of post-graduate training by providing salaries for 
those young men who show the necessary ability and 
energy which are sufficient to encourage them to continue 
this widening of experience beyond the normal period 
of their training. Were such a system generally adopted, 

1 believe that the industry would benefit largely. 

Progress. 

The progress of the electricity supply industry 
throughout the world during the past 20 years has been 
so rapid and -the developments so numerous that it has 
seemed that no anticipation of its future possi¬ 
bilities could be exaggerated, and, as a consequence, there 
have been (and are being) made claims for the use of 
electricity which exceed the present probability of 
fulfilment. This tendency to overstate the case is 
likely to be harmful in producing a natural reflex of 
disappointment when the facts are kno^vn. Already 
we find in various quarters that the developments in 
this country are compared detrimentally with those 
made in other countries, without any account being taken 
of the conditions which would explain the difference. 
As a consequence, notwithstanding that devebpments 
are being made and conceived on a larger and more 
ambi^ous scale than ever before, there is further talk 
of legislative amendments for the purpose of stimulatinff 
progress. ® 

The lines which development is following in all parts 
of the world have been indicated and established princi- 
paUy by British engineers, and there is no evidence 
that the ability of our engineers in any way falls below 
that of engineers of other countries. This being so it 
savours of the ironic that the electricity supply industry 
in this country should have become so much the sport 
of theorists and the victim of legislative experiments 
The development of electricity supply in any country 
depends on the particular circumstances attending 
production use, and comparisons between different 
countries without considering these circumstances are 
likely to be, not only valueless, but misleading. 

Electricity supply has a great future, but it is not a 
panacea for industrial and social, ills, and it behoves 
en^eers to speak out just as definitely when unjustifi¬ 
able claims are made for it as when it is unfairly attacked 


The development of thh use of •electricity is largely 
due to considerations of nbnvenience in meeting the 
desired needs of civilized communities. Its develop¬ 
ment is limited by a consideration of ccst in relation to 
the cost of other means of supplying the same needs. 
The degree to which convenience can be ^anslated into 
terms of cost is a measure of the necessity or^of the 
standard of luxury of the community. For example, 
regarding electricity merely as a means of providing 
in a convenient form sound, light, povrer or heat, we 
see that for signalling or sound-recording at a distance 
electricity is without a competitor; the consideration 
of cost for -this purpose is confined to that of alternative 
electrical methods. 

Lighting. 

For lighting, the convenience, cleanliness, safety and 
comfort of electrical methods place them in a most 
favoured position relatively to other iUuminants; but 
the development of electric lighting—limited in the 
past by the cost of production and at present by other 
conditions, to which I shall refer later—has been made 
in competi-tion with gas and oil and has had, in many 
cases, to oust the older method. 

One of the most notable achievements of electrical 
engineering has been the reduction in the cost of electric 
light in the present century, by increasing the illumina¬ 
tion six-fold for the same amount of electricity. To-day, 
electricity is the cheapest form of illuminant, and, as 
a consequence, its use for lighting purposes is g^pwing 
at a rate never before equalled in the history of the 
industry. 

It is of interest to consider what are the limitations 
to further use and what is the probable development. 

No general statistics are available of the number of 
dwelling-houses using electric light, but probably less 
than 20 per cent of the houses in this country are wired 
and connected to the public supply. This small propor¬ 
tion is due, I think, to considerations other than the 
cost of producing electricity, the first being the cost of 
the consumer's installation. • 

In existing houses, many of which are already supplied 
with g^, the introduction of electricity involves the 
expenditure of capital on wiring which, under present 
conditions, the landlord is not prepared to provide, 
on account of the Rent Restriction Acts, and the tenant 
is reluctant to expend on an improvement which may 
result in an increased rent when restrictions are removed 
Assuming that this cUfficulty can be overcome by anpange- 
ment between the landlord, the tenant and the supply 
undertaking, a considerable addition to the number of 
consumers may be anticipated. 

A second consideration is that in the naetu?^ order 
of development those houses whicl^ could be most 
cheaply suppHed have been dealt with first, and the 
supply to the others, for various reasons, will involve 
a proportionately greater cost of distribution. « 

The 1921 census enumerated for the first time the 
number of rooms in dwellings of varibus ^kiftds, including 
flats and those occupied business premises in which the ' 
portion used for domestic purposes is hot less than 
three-quarters of the whole. The figures are not yet 
completed for the wl^ole country, but a consideration 
e • - ^ ^ 
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of typical districts is of in1t:«^'est as iadicating the possible 
demand if the whole of ttie houses were lighted elec¬ 
trically. I have taken as an example the census figures 
for London, Manchester and the West Riding, and find 
the following division as to size:— 

• Census of Dwelling-houses. 


Percentage of total number of house? where 
number of rooms per house is: 


• 

lto3 

4to5 

Cto8 

9 and more 


per cent 

per cent 

per cent 

per cent 

London.. 

18 

27-1 

42-4 

12*6 

Manchester 

West Riding of 

11-8 

65*8 

20 

2*4 

York .. 

33-8 

48*3 

15-6 

2*4 


It may be assumed, I think, that the majority of exist¬ 
ing consumers dwell in houses of 6 or more rooms, and that 
the untouched field lies principally in the supply to the 
smaller houses. The extent to which this field varies 
will be seen in the various districts. In London 46 per 
cent; in Manchester 77 per cent, and in the West Riding 
82 per cent of the houses are of this smaller size. Not 
only are the dwellers in tlicse smaller houses potentially 
smaller users of electricity, but the cost of distribution 
per house is practically as high as for the larger users. 
It follows that on the one hand the reduction of the 
cost of distribution is of the utmost importance, and the 
stimulation of the use of electricity for domestic purposes 
other than lighting equally so on the other. Here it 
may be said that the general standard of illumination 
in dwelling-houses in this country is low, though much 
above that of 20 years ago. The public have not yet 
realized the decorative possibilities of electric light, and 
the unshaded filament—an abomination in the sight of 
any thoughtful person—is still too frequently seen. 
W8 may, however, assume that the tendency to soften 
and diffuse the light and to harmonize the system with 
the general decoration of the room will continue to 
grow, with a consequent increase of consumption in the 
larger houses. 

To use a popular though often untrustworthy basis 
•of comparison, the present-day consumption per head 
of population for lighting purposes in this country is 
abput 10 units per head, representing a supply to some 
20 per cent of the houses. The complete supply sho^d 
produce figures of 40 to 60 units per head, depending 
on the proportion of large houses. It should be empha- 
«ize(J4hg,t this question is not primarily one of generation 
but is almost entirely determined by two considerations, 
the cost of wirtng the houses and the cost of distributing 
the electricity^ 

• Power. 

While tjj^e cosj: of electricity for lighting is primarily 
determined by the co.st of distribution, in the case of 
•power supply the cost of generation is the principal part. 

The early development of power supply was largely 
aided by the advantages of subdivided electrical driving 
by a number of mq^iors, in place of the general method 


of using line shafting, countershafting and belts dri-ven 
from a main engine in factories, or small non-condensing 
engines in large premises such as Smpyards. Once the% 
power user purchased electricity and adopted the elec¬ 
trical driving of machinery he was in a position, for the 
first time, to measure accurately the amount of power 
required for each rnachine and to base his future plan§. 
on accurate data. 

The continued development of the use of the gublic^ 
supply has been maintained only by a. continued reduc¬ 
tion of the cost as compared^with that of individual, 
generation, and the margin^has at times been smaU. 
The grpwth of the industry has, however, now readied 
such a stage of development that the advantages of 
centralization permit in the majority of cases the supply 
of electricity at prices which show a definite saving of 
cost to the user, in addition to the less direct, but 
important, advantages of convenience. Generally speak¬ 
ing, the possibility of supplying a power user at a price 
lower than his own cost of production depends on the 
magnitude of the power plant relative to the central 
system. 

To-day the principal industrial areas of the country 
are being supplied from s'tations of from 50 000 to 
100 000 kW. Further economies will accrue from the 
growth and interconnection of these stations ana the 
complete supersession of small stations in industrial 
areas—a work which is steadily progressing. 

Apart from the economies of capital and operating 
costs inherent in large generating stations, the accumu¬ 
lated experience of the specialists who now control the 
operation of these stations produces economies in 
working not otherwise obtainable, and I am confident 
that we are entering on a new phase in the industry 
and that the days of the individual industrial plant are 
numbered. Certain special .cases must, however, be 
regarded; those, for example, in which a large use is 
made of steam for manufacturing processes and those 
in which the steam engine on account of its special 
characteristics is still regarded as more suitable to ■the 


work. 

A careful study of works using both motive power and 
steam for process work shows that in many cases the 
advantages of combining the power plant and the steam¬ 
raising plant are illusory and that economies will result 
from the separation of the two. Accurate records of 
analysis of industrial operations of this nature are scarce 
and the industry would be helped by further research 


of an unbiased nature. 

The second case, is perhaps best evidenced by the 
colliery wdnding-engine, the retention of which is in 
many cases more a matter of prejudice in favour of a 
well-tried machine than due to the consideration of the 
cost of installation of the electrical equipment. A 
partial solution of 'the winding-engine problem which.has 
found a considerable amount of favour has ^een the 
use of the mixed-pressure turbine in conjunction -with 
the winding engine. The method is falling, out of 
favour because in most cases it perpetuates wasteful 
machinery and only reduces the •waste. Modern cen¬ 
tralized production shows, over partial method, an 
advantage which is becoming greater as the scale of pro¬ 
duction increases. In the past, moreover, a public 



4 


WOODHOUSE: INAUGURAL ADDRESS. 


supply on a sufficiently large scale was rarely available 
and the special devices necessary to reduce the pea^ 
loads were costly.***^ To-day, in all the principal coal 
fields a public supply is available on a scale which no 
longer need be concerned ewith the variations of load, 
and the simplest t 5 rpe of motor may be fitted and 
^supplied from the general system w&hout difficulty. 

. The satisfactory experience of electric winding for 
collieries gives every assurance of a further and rapid 
extension of use. 

e- 

Heating. 

^The use of eleqtricit}^* for heating must take into 
account the particular requirements and the mfethod of 
application before it* can be said that it is the most 
suitable or most economical method to be adopted. 

The relative price of a heat unit in the form of coal 
and in the form of electricity—^unfavourable as the 
comparison is to the latter—^is, of course, not the criterion 
of its value unless the efficiency of utilization is taken 
into account. When this is done it is found that for 
many purposes electric heating is suitable and economical. 
For some, its cost is prohibitive. 

The adoption of electricity for general heating pur¬ 
poses, apart from special applications to which it is 
suited, is not probable until substantial and vital changes 
are made in the methods of production, and the supply- 
engineer's thoughts must therefore be directed to the 
most suitable combination of means of heating, lighting 
and power supply in dwelling-houses and factories. 

This consideration leads to the further one of the 
measure of co-operation which should be established 
between suppliers of coke, gas or other fuel, and those 
of electricity, in the best interests of the public. The 
subject of coal distillation is therefore one of particular 
interest to the electrical engineer. 

Coal. 

The principal condition affecting the development of 
electricity supply in any country is the price of coal. 
The advantages of centralized power production from 
coal lie in the better utilization of capital and in the 
more economical use of coal due to design, skilled 
operation and diversity of demand. 

It is obvious that in a country where coal is dear the 
advantages of centralization of power production are 
greater than in a country such as our own where coal 
has been cheap. As a consequence, the development of 
electricity supply in countries where water power is 
avafiable and where coal is dear has been much more 
rapid than in this country, not, it will be noted, neces¬ 
sarily due to a spirit of greater enterprise, but primarily 
because it was the best or only economic solution of the 
power problem. 

In the early days of power supply the industry gained 
a temporary^ advantage over the generality of power 
users by their adoption of mechanical grates and the 
use of smah coal, the price of which was low on a heat- 
value basis. The cost of small coal, however, has 
^dually risen so that its market price to-day is more 
m accordance with its heat value, and the supply- 
engineer s advantage is almost wholly in his more 
economical methods of use. It is important there¬ 


fore to consider whether, toy the‘adoption of other 
.methods, ‘tli© industry can place itself in a position of 
still greater advantage over the ordinary user, and in 
this connection the striking world-wide changes which 
are going on in the demands for fuel must be regarded. 

The utilization of water power and #the steadily 
increasing efficiency of power production from# coal 
indicate that tlie existing demands for mechanical 
power will be met by a rapidly decreasing consuinjltion 
of coal. our own country the pre-war consumption 
of nearly 200 million tons of coal a year represented 
a use in many res pects wasteful, and the engineering 
progress of the last 10 years has already made a sub¬ 
stantial reduction. The growing use of oil fuel is alst> 
in a large measure in substitution for coal. 

These considerations tend to reduce the world demand 
for coal and, were they not qualified by the increasing 
demand for power, the prospect before coal-producing 
countries such as our own would be one of unqualified 
gloom. ‘Whether, or for how long, this country can 
continue to export large quantities of raw coal seems 
therefore not so much a question of national resources 
as one of price and demand. 

The most efficient use of coal for power production 
is measured by the coal consumption per unit of elec¬ 
tricity, and with the materials and methods to our 
hands electrical engineers are rapidly approaching the 
maximum of economy. On broader grounds it may be 
considered whether the quantity of coal consumed is 
the true criterion or whether a process which, whilst 
consuming more coal, yet produces a greater profit per 
ton is not to be preferred. 

The demands for oil fuel, for light spirits and for 
artificial fertilizers, all of which can be produced by the 
distillation of coal, should, if possible, be met by home 
products ; and the distillation processes should, so far 
as is economical, be carried on in combination with the 
production of electricity. Coal distillation is a subject 
which the electrical engineer must regard as within his 
province and it may be of interest to enumerate 
considerations which I think will engage his attention. 

There are in commercial use two classes of coal- 
distillation processes : coking processes, and i*egulatcdi 
combustion or producer process. The coking processes 
are.the more important and include those in use by the 
gas industry and by the coke-oven industry; the pro¬ 
ducer processes which result in complete distillation of 
the carbonaceous matter and its conversion to gas arc 
of less importance. 


The success of established processes depends on an 
appreciated or increased value of certain products above 
their absolute fuel value, due to the existencp of a 
demand for potential energy in a particular fofiru ^ This 
increase of value is not obtained if all tlite fuel products 
are used for power production, unless the form in which 
they are obtained—^for example, gas or dil—^permits the 
use of more efficient generating plant or, due to the" Case 
of control, results in a more efficient process of genera¬ 
tion. If, therefore, a coal distillation plan^ is worked 
in conjunction with the production of electricit^r, com¬ 
mercial success calls for the marketing of the products 
(such as oil and ammonia) which are not used for the 
primary business of |>roducing elec^icity. 
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The processes at present m use involve the treatment 
of a much larger quantity of coal than would be required 
for direct combustion, and the disposal of products the 
total value of which exceeds that of the coal required 
for direct cojabustion. The selling price of these pro- 
ducts^depends on world-wide competition with produc;ts 
obtained from other sources than coal. In other words, 
if such a process were adopted primarily for the reduc¬ 
tion of the cost of electricity, its success would depend 
on conditions which make, or may make, the revenue 
from the sale of fuel to the electricity works a minor 
matter. 

It may be said, therefore, that the adoption of any 
established commercial process of distillation would 
introduce into the electricity supply business an element 
of speculation which is foreign to the industry as it 
exists to-day, and which might alter substantiadly the 
nature of the industry and the security which it at 
present offers to the investor. 

The cost of distribution is so considerable a charge 
for many uses that cheap electricity depends very 
largely indeed on the ability of the undertaking to raise 
capital at a low rate. A low rate of interest or dividends 
on capital is only consistent with the present faith of 
the public in the stability and security of the industry; 
consequently, any speculative element not controlled by 
the observance of engineering and commercial principles 
peculiar to the industry might lessen public confidence 
and paake the cost of electricity greater. 

Keeping this in mind, it follows that the most suitable 
process is one in wliich the quantity and nature of the 
by-products can be varied most readily to meet changing 
markets, and one that should be commercially justifiable 
even when a large proportion of tlie products is used in 
the production of electricity. No existing process can 
be said by the experience of working on a commercial 
scale to be demonstrated as worthy of adoption princi¬ 
pally because of the heat losses in the process, the capital 
outlay involved and the operating expenses. 

The quantity of heat required for the distillation of 
coal as ascertained by laboratory tests is small, of the 
order of 2 or 3 per cent, but, in practice, heat losses are 
considerable. The development of continuous processes 
and shorter tiihes of distillation seems essential to cheap 
production. 

The utilization of gas from distillation processes is 
another interesting aspect of the problem. Gas fuel for 
steam-raising has, from my own experience, proved 
eminently satisfactory over a period of years; but the 
special value of gas for distribution offers a market of 
higher prices, and coal gas such as produced from coke 
ovensns finding more and more outlet in sale to gas 
undertakings. • 

Research is also proceeding for the production of oils 
from coal by Chemical reactions not consequent on 
distillation, and the progress made suggests many 
interesting possibilities which may’have an important 
effect on th% practice of power engineers. 

GENERA.TION. 

The design and operation of electricity stations, 
whilst allowing prpgr^sive development, has undergone 
no startling changes sitfci* the intto^uction of. the steam 


turbine and, so far as the thermal efficiency of the present 
t37pe of plant is concerned, we are Steadily approaching ^ 
the limits. 

The process of conversion «of the heat energy of coal 
to electricity takes place in three steps : the conversion 
to steam, from steam to mechanical power, and fromp, 
mechanical power to electricity. Of the apparatus used 
as designed for present-day practice the boiler may^iave . 
an efl&ciency of 85 per cent, the steam turbine an efficiency^ 
ratio of 87 per cent, and the alternator an efficiency of . 
97 per cent, or an overall figur^ of 72 per cent. 

The serious consideration in this not unsatisfactory 
ratio is of course that the heat cyple u ed as a measure 
of the turbine efficiency-ratio has an absolute efficiency 
of a low degree, and if we take the real overall efficiency 
of the best modern station under working conditions 
we find that it rarely exceeds 20 per cent. This is 
practically double the efficiency of 20 years ago, during 
which time the pit price of coal has also practically 
doubled. In effect, therefore, the engineers responsible 
for these developments have, by their efforts, discounted 
in full the increased cost of coal—^no mean performance. 

It is of interest to consider the possibilities of develop¬ 
ment in the efficiency of the heat cycle. Improvements 
can be made by reheating the steam or by the progressive 
heating of feed water, but the degree of improvement 
is not large. 

The more important possibility is that of increasing 
the temperature and pressure of the steam. The com¬ 
bustion of coal under properly controlled conditions is 
such that a flame temperature of several thousand 
degrees may be attained, and, could steam be produced 
and utilized at such a temperature on the present heat 
cycle of operations, a substg^xtial increase of thermal 
efficiency would be possible. The practical limitations 
to-day are the nature of the materials used and the 
design of the apparatus, the latter a minor consideration 
if suitable materials were available. 

The progress of the past 20 years has been a wtep-by- 
step improvement in design, construction and methods 
of operation, and the field for further improvement by a 
continuation of this work, though not large, is one of 
considerable promise. It must, however, be borne in 
mind that the total cost of production includes not only 
that of fuel but also the cost of providing, operating, 
and maintaining the plant. It may be assumed that 
these costs are, in a principal station, divided in the 
proportion: coal 50 per cent, capital charges 30 per 
cent, operating costs 20 per cent; from which their 
relative importance may be judged. 

In the total cost of electricity the cost of capital is 
an item which is second in importance only to that 
of fuel. The reduction of the capital cost per kilowatt 
of plant may come about by the adoption of larger units 
of plant and by the development of design to obtain a 
greater output of electricity from the same use of 
material. The size of the generating unit is limited by a 
consideration of capital investment in spare plant and 
by a consideration of the load on the station at night 
times and. week-ends. As the demand for electricity 
increases, the justification for larger units also grows 
and the cost per kilowatt should fall. 

As to the more economical utilization of materials so 
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as to obtain a greater output from the capital investment, 
* there seems considefable room for improvement. For 
example, in the steam boiler an average evaporation of 
6 lb. of water per square foot of heating surface is a poor 
utilization of materials when we know that under certain 
conditions an average of 20 lb. may be obtained. 

• The consideration of boiler design in relation to heat 
^ tranter is a subject of great interest. The transfer of 
^heat from a radiant surface proceeds so much more 
e rapidly than the transfew from the hot gases by conduc¬ 
tion, that there has been a natural development of the 
volume of combustion chambers and a more careful 
consideration of the^ amount of surface exposed to 
radiant heat, : ^ 

The design, of the furnace is limited by the available 
refractory materials, on which subject kindred scientific 
institutions have done valuable work. In this direction, 
interesting developments have taken place in the pro¬ 
duction of new and more refractory materials and in the 
design of the boilers and furnaces to reduce the amount 
' of refractory material required. 

Reviewing the developments which have been made, 
it appears that progress has been on right lines and has 
resisted in reducing substantially the cost of generating 
electricity. The direction which future developments 
should take seems clearly indicated and should result 
in further economies, but not of a revolutionary amount. 

Distribution. 

So much has been said in the Press about the reduction 
in the cost of producing electricity that the ordinary 
consumer of electricity for lighting may be excused for 
wondering why the price of electricity is so high. The 
answer is, of course, that the cost of distribution to 
small users whose use is only intermittent, as is the 
case with the user of electric light, is governed almost 
entirely by the cost of distributing mains and apparatus, 
and if by some means the fuel bill were halved the effect 
on the price of light would be but trifling. 

It may be taken that the cost of distribution for 
lighting adds some 300 per cent to the cost of production ; 
and it is of interest to note by way of comparison that 
the distribution of milk, also sold from house to house in 
small quantities, adds only 100 per cent to the wholesale 
price. The cost of distributing electricity requires our 
most careful consideration,, more particularly as one 
finds that the methods adopted differ but little from 
those of 20 years ago. I believe that a frank interchange 
of views between supply engineers on these methods 
would be of great value. 

The other line of development, namely, the reduction 
of the average price by encouraging an increased user 
of electricity, will naturally not be overlooked, and it is 
gratifying to find that the work of those engineers who 
have devoted their energies principally to the develop¬ 
ment of domestic uses such as cooking is beginning to 
bear good fruit. 

The problem of supply to the small householder, 
already referred to, and of supply in rural districts with 
scattered population, is one in which the costs should be 
examined with particular care, so that the supply to 
these users shall not prove a burden on the undertaking. 
It is rather generally assumed that the supply under¬ 


takers should charge one price for the same service 
in any part of their area. In a densely populated town 
this may be justifiable, but the acceptance of the prin¬ 
ciple for rur^ districts will result either in penalizing 
the town dweller or in financial loss on the/rural supply. 

c- 

Tariffs. 

The subject of tariffs is of importance in that a greater 
measure pf public goodwill is likely to be obtained by a 
proper imderstanding by the consumer of the underlying 
principles which determine the charges for each peOrticular 
class of electrical service. The principles are, of course, 
the common economic principles applicable to the 
production ^d distribution of any commodity and are 
not peculiar except in degree to electrical service. 

A closer analysis of costs of each operation not only is 
of value in determining the possible selling price, but is 
in the interests, of the consumers individually and as a 
body. The development of an undertaking requires a 
margin of profit available for fostering new extensions of 
the system or new applications of use, for research and 
for advertisement. It is obvious that any arbitrary 
ruling, such as, for example, that prices shall be deter¬ 
mined by cost plus a fixed margin, would prevent the 
necessary accumulation of a development fund in its 
widest sense. 

The cost of electricity at the station busbars may be 
expressed with reasonable accuracy in the form of a 
charge per kilowatt of denjand plus a charge per finit; 
the average cost at main distribution centres may be 
expressed in the same form, but to express the cost 
delivered to consumers of different classes we must 
adopt a division into three parts, which may be expressed 
approximately as:— 

(1) The fixed charges on generation. 

(2) The rimning charges per unit. 

(3) The standing charges on distribution. 

The principle of averaging these distribution charges 
has been accepted in the past without question fis a 
sound one, but it is at least questionable whether 
development is not hampered by this method of selling, 
for the effect is to penalize the profitable consumer to 
einable others less profitable to be served. It would, in 
my view, be unsound to develop imdertakings beyond 
the economic limit, either by penalizing easting con¬ 
sumers or by State aid, in that alternative' services 
exist for most needs, e.g. lighting by gas, power by ^elf- 
contained plants such as the petrol engine, the oil 
engine and the steam turbine, heat by gas or coal, and 
so on. 

I believe that there is a very wide field for iji^^rther 
development of electricity supply for all purposes, but 
I deprecate unprofitable developmenf either at the 
expense of existing users or the public a.^ a whole. 

Interconnection. 

The development of the industry commencing by 
generation on a small scale at separate centres is, 
by a natural process, now reaching a stage where 
for various reasons the limit of aggregation of 
generating plant in a station msgr be foreseen. As a 
consequence, the fenferation iof electricity to supply 
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any considerable area wilUlfe carried on at more than 
one centre. 

There are economic advantages in the interconnection 
of the systems supplied by individual stations, within 
limits not difficult to decide, the extent to which the 
interconnectidh may be justifiably carried being deter- 
mined®by the balance of advantages and disadvantages 
in any particular case. The advantages axe: a reduction 
in the amount of spare plant, or greater security; more 
economical loading of plant and greater diversity of 
demand; the possibility of extensions by larger and more 
economical steps ] and the reduction of capital invested, 
per kilowatt of plant. In water-power schemes the 
diversity of water-flow in different watersheds and the 
pooling of water storage are additional advantages'. 
The disadvantages are principally the capital cost of 
interconnection and the consequent annual charges 
for capital and operation. 

The economical extent to which interconnection may 
be carried is largely a matter of the working pressure 
and amount of energy to be supplied. The limit of 
working pressure is determined by the system of trans¬ 
mission adopted. It has been assumed in this country 
that underground mains are essential for this purpose, 
though in other European countries overhead lines are 
being generally used. In this connection the pioneer 
work of the British cable makers is notable, and the 
prospects of three-core cables at pressures up to 60 000 
volts are stated to be favourable. 

ThI use of three-phase alternating current has by 
general consent proved the most economical of the 
available metliods of transmission at liigh pressures. 
In the past, local generation and distribution have been 
carried out at pressures of 6 600 and 11 000 volts with 
reliability and, compared with other systems, a saving 
of cost. Where the systems in a large region are to be 
interconnected the need arises for higher pressures, and | 
we are now confronted with a new set of problems 
appertaining to this wide interconnection. 

TKe arguments for interconnection are well known 
and, due to the undue prominence given to them, the 
disadvantages of our present methods have been corre¬ 
spondingly placed in the background. Let us consider 
what are these disadvantages. The first one, inherent 
in the three-phase alternating-current system, is that 
the cost of switchgear and protective devices increases 
rapidly with the size of the supply system. This must 
be sq, when we consider that the switch must be designed 
not merely to cut off a faulty section of the system but 
also to stop the flow of power from the system as a 
whole into tlie faulty section. 

Th^duty of a switch may be reduced by the intro¬ 
duction at suitable places of additional reactance in the 
apparatus used.* The alternator once designed with the 
object of maintaining constant pressure is now preferred 
to have a contrary characteristic; the transformer also 
is deigned to withstand fault currents at the expense 
of regulation and/ in addition to the power current in 
the system, lafge magnetizing or idle currents exist and 
must be controlled. As a consequence, the regulation 
of pressure at the various main distribution centres and 
at important sub-centres requires the introduction and 
use of regulating appajatus, involving further expendi¬ 


ture of capital and increased cost of operation. In this 
respect the art has not progressed as^:tapidly as the need. 

Fruitful lines of research are the better understanding 
of the duty and behaviour of oil switches, a work which 
is being undertaken by the Efectrical Research Associa¬ 
tion, and the possitij-lity of reducing the duty of ’the 
switch without unduly affecting pressure conditions. ( 
The use of reactors is but a palliative. A switch opening 
under fault conditions has to deal with the stored energy 
in the system, its operation is so controlled that the, 
flow of energy into the fault hhs already grown to a 
considerable magnitude before^Pithe switch opens, and its 
design is such that if it opened when the fault current 
was a maximum it would probalily prove ineffective, 
the time delay in opening permitting the absorption of 
the energy, though usually destructively, in other places 
tlian the switch. 

The development of electronic valves has introduced 
a device which is free from friction and from time-lag 
of operation such as is caused by electrical induction 
or mechanical inertia. Their application to the control 
and regulation of electricity supply systems is a promising 
prospect. If control can anticipate the disturbance 
caused by a fault, instead of as at present being con¬ 
sequent on it, a great advance will obviously be made. 

Another line of research is the application of direct- 
current transmission, a work with which the name of 
one of my predecessors in the Presidential Chair, Mr. 

J. S. Highfield, is closely associated. The reversion 
to direct current would bring with it many advantages, 
and one looks forward with interest to the outcome 
of the work being done. 

It is of interest to remember that early systems of 
supply were developed which were regulated by a 
variation of pressure from zero to a maximum. Prac¬ 
tice of the last 20 years has been almost wholly on the 
lines of constant pressure, both of steam and of 
electricity. 

The problem of insulation is also a serious one and the 
three-phase system, though the best available at the 
present time, cannot be regarded as even approaching 
the ideal. 

High pressures are necessary to enable the concentra¬ 
tion of generation and the transmission of electricity 
over long distances and, this being so, one of the most 
urgent problems for solution is that of providing a 
means of transmission at high pressures which is free 
from the disadvantages of the present system and, in 
particular, is less costly to install. For example, the 
carriage of coal from, say. South Wales to London foi 
the purpose of generating electricity at stations in 
London is more economical than the establishment oil 
generating stations in the coalfield and the transmission 
of electricity from the coalfield to the metropolis. Sc 
long as this is the case it is idle to assume that because 
in certain countries where water power is used a tra.ns- 
imssion for 1 000 or even 600 miles is justified, a similaj 
provision would be justified in this country. The solu 
tion of this problem is one that it is hoped is not fai 
distant. 

Overhead lines are in certain circumstances a me^s 
of economy, but in a densely populated country diffi¬ 
culties axe met with which in many cases make their us^ 
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of doubtful economy. The legislation of the Electricity 
Supply Acts of 19^9 and 1922 have given the suppliers 
of electricity in this country most valuable powers with 
regard to overhead lines and it is of interest to see the 
^eady, though slow, increase in the use of such lines. 
There is still a considerable amount of prejudice to be 
met and also quite legitimate criticism from those whose 
amenities are disturbed. A general discussion of these 
makers, a fuller presentation of the case to the pubhc, 
and a concerted effort to obtain the most ecnnn tnirsl 
desi^ consistent with safety should be of general 
benefit. 


Legislation. 

And now, as a somewhat harassed industry is threat- 
ened with more legislation, a word as to the legislation 
of the past. 

The first Electric Lighting Act of 1882 contemplated 
p^ochial systems of supply with either immediate or 
ultoate operation by the local authorities individually, 
fhis was, as experience has shown, a basic error. 

I^e Power Company Bills at the beginning’of the 
centoy were framed on broader Unes, but. Parliament 
iT j f opinions, the Acta were so emascu- 

algd for the protection of existing undertalrings that 
tneir value was much reduced. 

A ® two new general 

Acts which endeavoured to reconcQe the conflicting 
Ideas of municipal working and private enterprise und^ 
he ^idance of a body of Commissioners who were given 
^Jask of acting as judges and advocate at the same 

o ^ nation whose genius is compromise ; 

and the nataonal trait, with a good deal of discussion 
^d a considerable and consequential amount of delay 
asserting itself beneficially so that progresl 
istnrbed as it was by the new ideas, is resuming its 

Commissioners in the 
” ^**i^°^* circumstances, I beUeve that the whole 
industry has a great admiration, but it is to be hoped, 
for the sake of the mdustry and the country it seiwes 
that ^ opportunity wiU be given to those engaged ii( 

‘‘^‘^“Stry even in a time of national 

diffirnirand commercial 
difliculties are being overcome and there is. in my view 

every prospect of continued development on sound 
commercial lines if, as in the past, each step stands the 


test of justification by re^ts. Electricity supply is 
a beneficial and useful service to the community, but 
It is imwise and misleading to suggest that its artificial 
stoulus will prove a solution for all industrial ills, 
ihe' national need for economy was never more urgent 
than It IS to-day, and I am confident that electrical 
engmeers, with other workers in the field of apolied 

*0 proceed on commercial 
linra, subject to reasonable control in the public interest 
make pro^^s in the next 20 yearn to a degree even 

power supply grow from 

Sn^iLct it® present 

The co-ordination of individual solutions of the 

T i® “®re likely to lead to success 

tte impomtion of a method of production and 
control which, however decided to-day, must, by the 
progress of science, be challenged and modified to- 
a progress of engineering goes on at 

a snowball rate; every extension of the boundaries of 
toowledge touches a wider field of the unknown and? 
as surely as one may venture to prophesy anything it 

^ S'f of » dJi, h»c, will 

di&r substantiaUy from that of the present time. 

of engaged in the development 

of el^tncity supply remember the serious opposition of 

gas-works, feared the 
wmpetition of the new iUuminant. History records 
that tte gas engmeers experienced in their tim® the 
or^zed opposition of the candle makers. 

The very fact of the existence of so large a body of 
teamed engmeers as is contained in the ihembership of 
^e iMtatution is an assurance of change. Let us 
hope that when the time comes for our present practice 
to be met by a new competitor in public service, progress 
^ be per^tted to ^e place on an economic basis^nc? 

at it wiU not be hampered because public funds in- 

devSpmeS® ^ jeopardized by the new 

The industry, like all other human organizations is 
c^gmg ^d must change if progress is made. The 
c^ges wm be brought about largely by the abilities 
and mventiye powers of engineers, and I feel that it is 
pa^cularly important that our younger members should . 
not be overawed by the magnitude of the work done in 
the part but should preserve that spirit of adventurous 
rese^ch which the pioneers of the past possessed in so 
great a degree. . 
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By W. Nairn, Member. 

{Address delivered at Bristoi., Uh October, 1924.) 


Ill this address I propose to deal principally with the 
work which lies at my hand—^the applications of elec¬ 
tricity to the lighter forms of transport. 

Historical. 

The earliest application of electricity to tlie movement 
of passenger vehicles in this country took place in 1883 
and 1884:—40 years ago—^when electrified lines were 
laid at Giant’s Causeway, Brighton, Blackpool, and 
Bessbrook-Newry, the promoters being Messrs. Traill, ♦ 
Magnus VoUc, Holroyd Smithy and Mather and Platt 
respectively. Little interest was taken in these lines, 
but they gave a practical start to the experimental 
w'ork which was carried on until in 1890 the American 
companies succeeded in placing on the market single¬ 
reduction motors which were so reliable that the doom 
of the horse for tramways was sounded. 

By 1890 the rush to electrify was in full swing in 
Am^ica, but it was not until five years later that a 
real start was made in this country with the construction 
of electric tramways as we now know; them. In Bristol 
the line from St. George to Old Market-street was 
amongst the first, having been built in 1896. 

For the original equipments, we in this country were 
indebted to the experiences gained in the preceding 
five years in America, and the early struggles of American 
engineers with open-t 3 q)e motors of 7 h.p. or 8 h.p. were 
practically unknown to British engineers. The greatest 
praise that can be given to these early equipments . 
imported from America is that most of them are running 
to-day and comparatively little improvement on them 
can be suggested. These motors were rated at 26 h.p. 
and there were two to each car. Wliere tlie weight 
of the car is increased by adding vestibules and top 
covers the size for new equipments is about 36 h.p., 
although the London County Council for their heavy 
cars and high speeds have recently adopted motors 
of 6*3 h.p. The distinction between the old and the new 
motors is that the latter are fitted with interpoles and 
are ventilated, bringing the weight per h.p. down from 
80 toj40 Jb. 

The application of roller and ball bearings to electric 
rolling stock waS tried in tlie early days with little success 
owing to the f:requent breakages. Witliin recent years, 
however, further experiments have been made and, 
owing to tlie improved materials available and also to 
improved 3gp.ethods of construction and testing, these 
bearings nowstand well up to their work. The object 
in using roller and ball bearings is two-fold; first the 
saving in power, and secondly reduced maintenance 
charges. 

In Bristol^ tliree eajs were equij)ped with ball and 


roller bearings in armatures and’car axles, and exhaustive 
tests were carried out on thehi to determine the savijig 
in power that might be expected. One of the first 
points noticed in these tests was that the percentage 
saving was much greater on level routes than on hilly 
routes. This is due to two factors. In descending 
hills with the brakes applied no saving in power takes 
place, whilst in ascending hills the ratio of the friction 
current to the total current .is small and any saving in 
friction current results in a small percentage saving. 
Due to the difference in gradients and also to the number 
of stops on different systems, there is a wide variation 
in the results obtained in different towns, but in Bristol 
the saving in power on hilly routes was found to be 
6 per cent and on the level routes 11 per cent. These 
results call attention to the difference between roller 
bearings in a workshop shaft and roller bearings on a 
street car. In the former money is being saved all the 
time, whereas in the latter there are many periods when 
the roller or ball bearing is a distinct disadvantage, 
viz. when descending hills and when accelerating. 

Regarding brakes, the earliest cars were fitted with 
cast-iron shoes acting on the wheels and applied by 
hand power. This was the service brake, and an emer¬ 
gency brake was provided by short-circuiting the motors 
when they were acting as generators. This latter bralce 
did no good to the motors and was not agreeable to the 
passengers ; it was therefore replaced by the rheostatic 
brake, the motors when generating being connected 
through a resistance which could be varied from the 
controller. The next step to the rheostatic brake was 
the magnetic brake acting on the rail, the magnet being 
energized from the motor current, and the track shoe 
was sometimes coupled to the set of wheel brakes so 
that the drag of the magnetic shoe applied them also. 
In the Edinburgh system—^tlie most modem of our 
tramway systems, having been equipped only in 1923— 
the magnetic track brake is used. This acts only on 
the rails, but is also capable of being applied by com¬ 
pressed air. The compressed air is obtained from an 
electrically driven compressor installed on the car and 
driven from the trolley wire. 

Regenerative Control. 

The question of regenerative control on street tram- 
cars has always been an attractive one to electrical 
engineers because the electric vehicle is the only vehicle 
in common use to-day which is reversible.. A steam 
locomotive going down hill cannot return coals to tlie 
tender, nor can a petrol vehicle under similar circum- 
staUces refill its petrol tank, but it is quite possible for 
an electric vehicle to return electricity to the line or to 
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a battery. .Unfortiinately, regenerative control has 
not been a commerdal success, due to the fact that the 
^saving in power did not pay for the capital and mainte¬ 
nance charges of the regenerative equipment. The 
Raworth regenerative system made the most headway 
in this country. In this a shunt-jvound motor took 
the place of the series motor and the driver was given 
control of the field. One result of this was a tendency 
•for thg3 driver to ** race “ the car on a weak field, with 
^ consequent rise in current consumption, so that when 
the regenerated units vtere subtracted from the used^ 
units there was little difference between this figure and 
thS units used by the series motor car. In Bristol four 
cars were equipped wilji regenerative control, the results 
of tests showing a saving in power of less than 3 per cent. 
With the further cheapening of the cost of electricity 
the future for regenerative control on either trams or 
railways is not very bright; I make this statement 
whilst being fully alive to the fact that in America the 
latest railway electrification schemes are all equipped 
for regeneration, even where current is generated firom 
’water power. The gradients in that country are, 
however, very different from those prevailing in England, 
and regeneration is used more for the purpose of avoiding 
the #rear and tear due to braking than for the saving of 
power. On the Chicago, Milwaukee and St. Paul 
Railway there is one run of 200 miles down the side 
of the Rocky Mountains. 

Types of System. 

Apart from storage battery cars, the earliest means 
of applying electricity to street cars was either from 
an overhead wire using the track as the return, or from 
a conduit in the track with two insulated conductors. 
Subsequently a system known as the surface contact 
system was tried in a few towns. The use of overhead 
wices is now universal, the exception being the London 
County Council conduit system. British practice in 
overhead lines followed the American, except that 
the lines were built more substantially and were more 
sightly. Few changes of moment have taken place. 
Hard-drawn copper is stiU the most popular conductor 
but, where the car services are heavy, alloy conductors 
are used, although their conductivity is as low as 40 per 
cent of Matthiessen's standard. A new conductor which 
promises well is a cadmium-copper alloy which com- 
bmes a conductivity of over 90 per cent of Matthiessen's 
standard with wearing quaUties approaching those 
of the other alloys. For insulation purposes por¬ 
celain is gradually replacing the composition insulations 
mtrodaced Irom America. The design of the various 
wire fittings has been considered recently by a committee 
^^inted by the Municipal Tramways Association. 
This committee has standardized a complete line of 
fittings, and a standing committee has been appointed 
to consider suggested improvements. It is of interest 
to know that this committee was brought into ftvigtATrr-f 
on the suggestion of one of the members of this Centre 
Mr. H. I. Rogers. 

Electrolysis. 

A^ubject which gave rise to a good deal of discussion 
lu the early days of overhead lines was electrolysis. 


Here, again, the experiences American engineers were 
helpful to us as the first American rails were unbonded 
and the difierence of potential between rails and water 
pipes often exceeded 20 volts, so that a great deal of 
experience was gained in a very short time. In fact, 
the early depredations caused such alarm thht one writer 
of the period foretold that the extensive pipe plants 
of gas and water works were doomed to immediate 
disintegration, with the inevitable result that ^ the 
unfortunate inhabitants of the cities would be drowned 
if they were not previously blown up. To safeguard 
the public the British Board of Trade—which was 
then responsible for transport problems—^framed the 
regulations which, among other provisions, limited the 
voltage between rails and pipes to the voltage of one 
Leclanch^ cell when the pipe was positive and three 
Leclanch6 cells when the pipe was negative. Further, 
it put on the tramway undertaking the onus of building 
the tramway so that it was electrically separate from 
the pipes of other undertakings, but unfortunately 
there was no similar obligation on authorities laying 
pipes subsequent to the construction of the tramway, 
so that this desirable provision was rendered void. 
The greatest credit is due to those who originally framed 
the regulations for their masterly handling of what was 
then a new study, and as a result of their labours the 
existence of electrolytic action is unknown to the general 
public. Before the. advent of electric tramways or 
electric^ undertakings lead pipes suffered from corrosion 
in certain soils, and it is to-day a matter of great dif&fiiilty 
to determine whether corrosion is due to electrolytic 
or chemical action. 

Permanent Way. 

As regards the permanent way, electricity has come 
to ite aid and the overhead wires provide power for 
driving concrete mixers, compressors for operating 
pneumatic picks, rail grinders and—^perhaps the most 
useful of all—^the electric welder for welding the fish¬ 
plates to rails instead of bolting them, and ^also 
for filling in spooned or hammered joints. Both the 
carbon arc and the metallic arc welders are used and give 
good results. 

Tyres of Vehicle. 

For rural transport, development in this area has been 
by petrol omnibus, but iu many districts in the Midlands 
the railless vehicle with two overhead wires is majcing 
headway, and has proved itself a practical form of 
road passenger vehicle using the cheapest power 
available—electricity. The storage battery vehicle has 
not made the progress which was expected.; •^lis is 
due not to any inherent engineering defect in the vehicle 
but to its high first cost and lack of charging facilities. 
Even where a supply of electricity is available, the price 
of a motor-generator and switchboard’ has to be added 
to the cost of the vehicle, making the price of a single 
vehicle prohibitive as compared with tha^ of a petrol 
vehicle. In its proper sphere the storage battery vehicle 
has no equal; this sphere is where large fleets of vehicles 
are required, stops are frequent and long mileages per 
day are not required. The maintenance charges are 
low, it is silent and riean, and nq,fire. risk attaches to it. 
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It is unfortunate that prifcfs cannot be brought down 
to a conaipetitive figure. As a truck for indoor use it 
is an unqualified success and lias no competitor. 

Between the purely electric vehicle and the petrol 
omnibus, the|je are two distinct t 3 q)es of petrol-electric 
vehicles. In one the whole power of the engine is 
converted into electricity which drives a motor or 
motors connected to the rear wheels. This is the arrange¬ 
ment of the Tilling-Stevens omnibus. In the second 
system, known as the Entz magnetic system, two d.c. 
machines are employed. One has its field connected 
to the engine and its armature to the propeller shaft. 
The second machine has its field connected to the 
car frame and its armature to the propeller shaft. The 
first machine is called the clutch generator and the 
second machine the motor. On top speed the clutch 
generator is used as a clutch alone when it is short- 
circuited on itself I on speeds other than top speed the 
clutch acts as a generator and supplies power to the 
motor. Both systems give the advantage of smooth 
speed control with the elimination of gear-box and 
clutch, two items of petrol vehicle equipment which are 
makeshift devices. 

On the Tees-side a hybrid vehicle is in use. It is a 
petrol-electric vehicle wound for 500 volts and fitted in 
addition with two troUcy poles for running as a trackless 
vehicle where overhead wires exist. 

Electric Lighting and Ignition. 

Passing to the purely petrol vehicle, the equipment 
of interest to us is the electric lighting, and starting and 
ignition outfits. No passenger car is fully equipped with¬ 
out a lighting and starting set, but the starting set is still 
omitted from most of the heavy petrol vehicles engaged 
on omnibus or commercial work. It is a curious fact 
that the development of these sets has been carried out 
not by the recognized electrical engineering firms of the 
country but mostly by those who in the past were makers 
of oj][ and acetylene head lamps. This, I am afraid, has 
been due to the low prices available for the equipments, 
and this low price has also been responsible for many of 
the early troubles. Much experience has now been 
gained and good progress has been made by British 
makers in solving what is reaUy a very difficult 
problem owing to the variable engine speed and 
the uncertainty of output. For example, a motor 
coach doing long day trips in summer would have 
an engine speed and period of running time ideal 
for charging tlie battery, which might not be required 
owing to the trips being in daylight. The same 
chassis put on to winter duty as an omnibus would be 
contiiJually stopping so that the battery would not get 
properly charged nnd it would now be called on to deal 
with the lighting of a saloon body with about 8 additional 
lights. Having this continually varying demand in 
mind it is strange that the popular system of charging 
to-day is the so-called constant-current method 
in which th® (j 3 niamo endeavours to supply a constot 
current irrespective of whether the battery requires 
it or not. Tliis is inherently wrong, as the current 
passing to the battery should vary with the state of 
charge of the battery, a large current for a discharged 
battery and -no curfeni^ for a ;fufly-charged battery. 


Now this result can be obtained by the constant-potential 
method of charging, and the reaspn it has not been 
adopted is seemingly the inability of British manufac¬ 
turers to make a practical constant-potential machine, 

A further advantage of the constant-potential dynamo 
is that the lamps cai»be lit without the battery, whereas 
in the constant-current system the battery and dynamo 
are one unit and if disconnected from one another the 
lamps or the dynamo are likely to be burned ouCdue 
to excess of voltage. Constant-potential machines of 
foreign manufacture have been Available for many years 
and have recently been brcwight to a high state of 
perfection, and I consider it most unfortunate that the 
experience of the heavy electrical engineering firms with 
voltage regulators is not available to meet this competi¬ 
tion. Until such machines are available we shall have 
to put up with the annoyance of undercharging or the 
expense in battery plates due to overcharging. 

For ignition in motor vehicles the magneto still holds 
the field, the proportion of cars fitted with magnetos 
being 80 per cent, against 16 per cent fitted with coil 
ignition. The remainder have dual ignition. Coil 
ignition made considerable headway until last year, 
but there is now a tendency to revert to the 
magneto. Coil ignition gives easy starting -^d 
perfectly satisfactory running if the battery is looked 
after, but we as electrical engineers have no right to 
expect the motor user to tske regular readings of specific 
gravity to ascertain the state of charge of his battery. 
It is the duty of engineers malting lighting sets either 
to provide a constant-potential dynamo which will keep 
the battery charged automatically, or else to invent some 
kind of dash-board indicator which will show the state 
of charge of the battery. 

Aerial Transport. 

Passing from the petrol road vehicle to the aeroplane, 
there is little in the electrical equipment of the latter 
which differs from motor-car practice. There is, howevOT, 
one matter in connection with the production of air¬ 
cooled aeroplane engines which is of special interest to 
electrical engineers, and that is the testing of them. 
Air-cooled engines ,are usually tested for endurance and 
brake horse-power by coupling them to a water brake 
and running them in an air current comparable with 
the flying conditions, an electric motor being coupled 
to the shaft for starting up and running in. The fan 
supplying the air-blast requires about one-half the 
horse-power output of the engine, so that in a 100^ h.p. 
engine test-stand 50 h.p. is continuously used in providing 
the blast and 100 h.p. is continuously wasted in the 
water brake. With the smaller sizes of aeroplane 
engines there was little to be said against this, but with 
aeroplane engines now developing 1 000 h.p. the problem 
is different. The directors of the Bristol Aeroplane 
Co. considered the problem carefully and decided that 
the correct course to adopt was to make the test engine 
provide the power for the blast, and the only method of 
doing this satisfactorily was to use an electrical dyn^o- 
meter. The electrical dynamometer adopted is a 
500-volt d.c. generator with the fields mounted on 
trunnion bearings. The field is kept from revolving 
by being attached to a spring balance which measure 



12 


NAIRN: WESTERN CENTRE: CHAIRMAN’S ADDRESS. 


the torque of the engine, and the speed of the engine 
^ is measured electrvc^Uy by a small generator mounted 
on the end of the shaft, the revolutions being recorded 
on an instrument of the illuminated-dial type. The 
engine to be tested is dir&tly coupled to the d 3 mamo- 
meter, which is also used for starting up the engine and 
rrunning it in. The fan for the blast is mounted at the 
dnd of the wind tunnel, and a storage battery and booster 
" fomrpart of the equipment. The method of operation 
ris as follows. Current is drawn from the battery to 
motor the dynamomet& and revolve the engine, and 
current is also drawn from the battery to run the fan 
for the blast. When the engine fires, the dynamometer 
generates and chargee the battery and drives its own 
fan, the torque on the dynamometer being adjusted 
by var 3 dng the current passing into the battery. This 
current is controlled by a regulator on the battery 
booster field. The battery installed at Filton has 240 
cells and a capacity of 1 960 ampere-hours at the 10-hour 
rate. With this system a plentiful supply of power is 
available when required for operating the fans, and the 
output of the engines is not dissipated in heating water 
but is usefully converted into electrical energy. 

General Remarks. 

I commenced my remarks by saying that I would 
deal with the lighter forms of transport and I have just 
referred to aeroplane engines of 1 000 h.p. Twenty-five 
years ago we travelled a long way to see an engine of 
1000 h.p. in a power station, and we were duly impressed 
by its massive cpnstruction and substantia;! foundations. 
To-day an engine of this horse-power can be mounted 
on a framework and can rise from the earth. 

Those who are not yet very old have seen the coming 
of electricity to our towns and countrysides and its 
use for lighting, heating and power. They have seen 
the coming of the self-propelled road vehicle, the sub¬ 
marine vessel and the aeroplane, in all of which electricity 
has played a small but essential part. They have seen 
the development of the telephone to be an essential 
part of our business lives; the coming of the gramophone, 
the moving picture and, latterly, wireless. Most 
probably they have seen a greater change come over the 
life of the community than has occurred in the whole 
period since civilized man inhabited the earth. 

We are justly proud of the part which electricity has 
played in this march of progress and we need not be 
unduly alarmed at the statistics which show that the 


units used per head of the j^dpulation in the large cities 
of this country are only about 200, against 700 in 
American cities. There is no comparison between the 
conditions. We have been reared on cheap coal and we 
are building up our electricity supply industry on strong 
and substantial British lines under the guidance of the 
Electricity Commission. Power stations and distriSution 
systems are under continual improvement and extension 
and only the best practice is being retained. There is 
only one flaw in the whole structure and that is the non¬ 
standardization of frequencies. General experience calls 
for a frequency of 60, but it is difOLcult to see iiow the 
large systems operating at 26, 33^, and 40 periods can 
possibly be changed over. The expense would now be 
so great that I am afraid it could not be justified. 

At the moment the electricity supply industry is 
embarrassed with a plurality of political patrons, patrons 
as defined by Dr. Johnson in his famous letter to Lord 
Chesterfield. In that letter Johnson wrote : ''Is not 
a patron, my lord, one who loolcs with unconcern on a 
man strugghng for life in the water and when he has 
reached ground encumbers him with help." The elec- 
Weity supply industry has been struggling for 36 years, 
it has now reached firm ground and the patrons have 
arrived. 

Electricity, the strong, reliable and indispensable 
servant of the public, when viewed through political 
glasses becomes a beautiful fairy endowed with powers 
to cure unemployment, solve the housing problem and 
convert the whole nation into a community of restful 
button-pressers. I do not presume to express any 
opinion on the desirability or otherwise of the nationali¬ 
zation of electricity supply, but whether the industry is 
nationalized or not it is a source of great satisfaction 
to us all to know that nothing can stop its progress, 
and we foresee a period of continued activity. 

In concluding my remarks I should like to remind 
you that the primary duty of our Institution is to supply 
its members with the latest information on the various 
branches of the industry, and that the volumes of the 
Journal form the most valuable collection of information 
on electrical matters. 

I wish also to express to you my thanks for the honour 
you have conferred on me in appointing me your 
Chairman for the current session, and I can assure you 
that I shall use my best endeavours to maintain the 
traditions of the office and secure a continuance of 
the respect which the Western Centre has earned for 
itself in the electrical world. 
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By C. P. CooTE-CuMMiNS, Member. 

(Abstract 0/ Address delivered at Dublin, ^th October» 1924.). 


When the Members of the Irish Centre elected me 
Chairmah ior the present Session a wish was expressed 
that, in my opening address, I should deal with the 
question of the training of engineers, this matter being 
of very great importance to our Centre at the present 
time when Ireland has, so to speak, attained her majority 
and commenced to manage her own affairs. 

In a general sense engineering consists of the intelligent 
application of scientific facts and principles to the 
practical requirements of manufacture and industry, 
and it follows from this that an engineer must possess 
a thorough knowledge of the underlying scientific 
principles of the branch of engineering in which he 
specializes, and must have also a sound general know¬ 
ledge of other branches of his profession. To be success¬ 
ful he must of course possess other qualifications, such 
as initiative, vision, knowledge of men, etc., but without 
the first two he cannot apply scientific principles intelli¬ 
gently, and a man who cannot do so should not be 
permitted to call himself an engineer, nor should he 
iDe allowed to pose as one. 

It is an unfortunate fact that, outside the professional 
Institutions, there is no clear understanding as to 
what really constitutes engineering or what qualifica¬ 
tions really justify the title of engineer, and it is rather 
remarkable that this should be so in view of the highly 
specialized engineering courses which have become a 
necessary part of all modem universities and colleges, 
and in view also of the large number of highly qualified 
professional men who are to be found in the different 
engineering Institutions; but so it is, and I think that 
few of you will deny that the ignorance of the general 
public in this respect is very great. 

You may perhaps consider that much of the above 
is not pertinent to the subject of training, except in 
so far as it may serve as an argument for a fuller and a 
better training, but I think that it affects fundamentally 
the whole question of training. The best training that 
could* be devised for doctors and lawyers would be 
almost completely neutralized if utterly unqualified 
persons were permitted to practise, and under such con¬ 
ditions# both of these professions would fall back to 
somewfiat the same status that the medical profession 
enjoyed when the^ocal barber was the recognized medical 
authority in his (Jjstrict. 

My contention is that without the protection afforded 
by '^limited practitio,ners" the medical and legal 
professions c®uld not get satisfactory results from any 
• S 5 ^teril of traifting; and that the community would 
suffer owing to the loss of really able men in these pro¬ 
fessions* This protection is still denied to the engineering 
profession and I am convinced that the consequent 
loss to the community#!^ much greats than is generally 


realized, and that this loss is oniy tolerated because the 
community, having never emerged from the barber- 
doctor period in engineering matters, is not able to 
appreciate or measure its loss. •• 

The status that the profession of engineering 
undoubtedly enjoys to-day, in spite of the lack of 
protection, is a remarkable tribute to the necessity for 
qualified engineers and is clear evidence that such a 
body of men is needed in every country for the purposes 
of national and industrial development; and unless 
a country realizes this and takes steps to secure the 
existence of trained men by according them, when 
trained, the full professional .recognition accorded to 
the other professions, her industrial development must 
suffer. This is, I believe, true in every country, but 
is more accentuated in a country which is in the early 
stages of industrial development ihan in one in which 
that development has already reached an advanced 
stage. Full professional recognition of the engineering 
profession is, in my opinion, as much needed for the 
protection of the nation^s industries as it is needed by 
the medical profession for the protection of the nation's 
health; for, just as the medical profession can, by virtue 
of its recognized status, infiuence and direct public 
opinion in the right direction, so also should the engineer¬ 
ing profession be able to influence and direct it as regards 
engineering matters. It will, however, never be able 
to do this effectively so long as utterly unqualified men 
are permitted to pose as engineers. In the interests 
of the nation I assert that charlatanism in engineering 
matters, in these days of rapid engineering development, 
is as dangerous to true industrial development as it 
would be to the health of the nation if permitted in 
the medical profession. It is like a parasitic growth 
which not only hin ders the growth of a plant but makes 
it almost impossible to propagate healthy plants for 
future needs. 

Of course no system of training can be devised unless 
there is some agreement as to what an engineer should 
be, but it seems to me to be equally necessary to a^ve 
at some clear understanding as to what an engineer 
should do, and I feel ihat the ignorance of the public 
in this respect exists largely because professional engi¬ 
neers themselves have not made serious efforts to 
enlighten it, and I think that before, they can do so 
effectively there must be some real agreement within the 
profession itself. 

Trained engineers with high professional qualifications 
find an outlet for their energies in many directions, viz. 
m^ufacturing, designing, contracting, advising, etc., 
as well as in the service of the Government, municipali¬ 
ties, local authorities and large corporations, and this 
very wide field of its activities is, in some respects,, 
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detriment^ to the interests of the profession because 
it brings its men^bers into direct intimate association 
wi^th the commercial world (the world of buying and 
selnng) to a far greater extent than other professions, 
and consequently some erigineers become, to all intents 
and purposes, traders, whose main^ interest and occupa- 
, tion is the sale of certain engineering products or the 
advancement of certain business interests. 

is, of course, a very contentious subject and I 
. should have preferred to ignore it if possible, but having 
contended for full professional recognition for engineers 
.because I believe this tc^be a national necessity, I feel 
Compelled to point out that such recognition involves 
obligations upon tl^ engineering profession, not the 
least of which is the obligation upon each member to 
do nothing which might lower the dignity of the pro¬ 
fession in the eyes of the public or of his professional 
bretoen, and although a member is, of course, fully 
entitled to occupy himself in trade or business if he 
so desires and the more qualified engineers in trade 
or busmess the better—he should be very careful to keep 
this always in mind. 

I said that I think the engineering profession 
Should be in a position to lead public opinion, and I 
suggMt that this position would be arrived at more 
qm^y if all members who are directly connected with 
trade or business were to abstain rigidly from acting 
as adders to the general public. Such advice, even 
though it may be quite disinterested and thoroughly 
sound, is always open to unpleasant criticism and is 
argely the cause of the opposition which sometimes 
^ts to the admission of what is called the "trading 
mement" to profe^onal Institutions. I believe tTiaf it 
division in the engineering profession and 
,th^ It hmders that unity which is so much needed. 

The experience and knowledge of qualified engineers 
^gaged m industrial and commercial pursuits is far 
too ^uable to be wasted, and I do not suggest that 
It should be wasted. The assistance and advice of 

^ but some 

madunery should be devised by means of which it could 
be t^dered m a general way through the professional 
Smte rather than given directly to prospective 

It IS not easy to arrive at a satisfactory definit i on of 
an en^eer m modem times, owing to the diverse 
occupations to which engineers can usefully devote 
tt^elv^, but If we agree, as I think we must, that 
both study and practice are essential qualifications 
for an engmeer, we must exclude from professional 

^ quaMcations. A superior know- 
e of either is not sufficient without the other. That 
w. I M to as we can go; it is cmiainly as to 

M I fed mclmed to go, and crude as the definition may 
appear I cannot see how we can narrow it down without 
3^^!; “3 difficulties. The tendency of some 

profesaonal totitutions to exclude men because of the 
work in which they happen to be engaged is, I tfiint- 

-f of professional etiquette, which 

shoffid ^ to as possible be the same for aU branches 
..of the profession and which should aim at preserving 


the best traditions of the jJ^otfession. These, as I under¬ 
stand them, consist of the efforts of the great men of 
the past to exploit the resources of nature for the benefit 
of humanity. 

It will not, I take it, be disputed that early training 
during the really receptive years of youtSi is one of the 
greatest factors, if not the greatest factor, in the shaping 
of the after life of the individual. I think that such 
qualities as resourcefulness, thoroughness in small 
matters, clear thinlring, etc., which are, or should be, 
part of the equipment of all engineers, are very largely 
a matter of this early training. 

I had the good fortune to be trained in a school, 
the Royal Navy, in which these very qualities are un¬ 
doubtedly developed to a very marked extent, and this 

I am sure, brought about by the S 3 ^tem known as 

Catch them early and break them in young. “ I 
passed into the * Britannia ** at the age of 12^ years 
and immediately commenced a specialized training. 
The training was perhaps too severe to suit modern 
ideas but it produced men of action and resourcefulness 
who, within the limits of their profession, knew their 
busmess from start to finish, who could be depended 
on in an emergency, and who had learned to pull to¬ 
gether and play the game. Now that result was obtained 
by means of die right kind of training during the recep¬ 
tive years of early youth, and as far as my experience goes 
it is not always obtained by means of the ordinary systems 
of education. Qualities of this kind are essential in 
engineering work, just as they are in the Naval sbrvice ; 
they were obtained in the Navy by placing the specialized 
training in the hands of Naval 6fi5.cers who knew exactly 
what they wanted and made the general subjects 
.subservient thereto. I would suggest that similar 
results can be obtained by the engineering profession 
in a similar way. 

Of the total number of men who lay claim to the title 
of engineer a comparatively small percentage have 
received a university or technical college training, 
and this must necessarily be so, because only a few can 
afford to devote themselves to unremunerative work 
for such a lengthy period as is required to secure a 
university degree as well as the necessary practical 
experience,, and we must therefore recognize that the 
majority of those who in my opinion must be classified - 
as engineers obtain the necessary theoretical qualifica¬ 
tions whilst they are wage-earners, the most usual course 
being to attend evening technical classes during appren¬ 
ticeship. These evening classes are usually conducted 
m the local technical institute, where the pupil attends 
for two or three evenings per week, for a course of four 
or more years. Many excellent engineers l;LaK^^ to my 
knowledge been trained in this way, but the effort 
required is very great. It is no snfall thing to work 
hard all day and then in the evening to make a 
severe mental effort for two or three hours, when the 
body is fatigued and the brain, in consequence, "is not 
working at its best. In my opinion, th^ system puts 
too great a strain upon all except those whose physique* 

®x<^^ptional, and it is questionable whether even 
are not overtaxing themselves. Apart from 
this, however, the best work cannot be obtained from 
a tired body, and the results piust therefore be most 
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inefficient when compare^^with those which could be 
obtained by the same worker making the same mental 
effort with an untired body, and in this respect the 
student at day classes has a very great advantage over 
the night student. Since night classes provide the only 
opportunity <ihat the majority have of acquiring the 
necessary theoretical knowledge, it is obvious that our 
present system is, and must be, extremely inefficient, 
and "as it makes demands upon the worker which may 
seriously interfere with his physical fitness it may for this 
reason ^one cause him to be less efficient when trained. 

I do .not see how evening technical classes can ever 
be completely dispensed with because, so far as I am 
aware, tliey constitute the only method by means of 
which the adult worker can supplement his Imowledge 
and strengthen his weak points. They are very valuable 
for this, which is, I think, their true function, but they 
are not suitable for those who are starting a specialized 
career, such as engineering, with no other Imowledge 
than that acquired in an elementary school, even though 
the elementary training may have been ideal, because 
such a student has, after a full day’s work, to cram 
into about 180 hours per annum an amount of work 
which the day technical school, or university, student 
spreads over 1 200 hours. 

In our present educational system, evening classes 
constitute the only method of scientifically training 
the large majority of our future engineers, but they 
are not suitable for the purpose, they are inefficient, 
and #they make heavy demands upon the youth of 
the country. Is it a matter for wonder that so many 
engineers can be found to-day whose elementary know¬ 
ledge of scientific principles is far from sound ? As 
I have said, these classes are generally conducted in the 
local technical institute, which is under the control 
of the local authority, who contribute to its support 
out of the local rates, the funds being supplemented 
from Government sources. This municipal control 
leads to serious anomalies. The managing committee 
is gunerally representative of every interest and section 
except engineering, and altliough there is a provision 
for co-opting members representative of special interests 
there is no provision for ensuring that the co-opted 
members have any special qualifications. If engineer¬ 
ing representatives were co-opted they would almost 
certainly consist of engineering employers, who are, 
as often as not, not engineers at all. It is quite common 
to find that business men whose knowledge is purely 
commercial, but who are connected with a business in 
which engineering processes are carried on, are the 
recognized authorities upon engineering in the minds 
of lo(jpl education committees. Surely there is some-* 
thing^roTig with a system which permits of tlie selection 
of an engineering teacher by men who have never even 
heard the difference between a corporate and non¬ 
corporate membbr of a professional Institution, to whom 
a university degree in Arts is just as high a qualification 
for teaching engineering as a Science or Engineering 
degree, ancT who .would, with the best intentions, if 
left to themselves elect the local wireman to teach a 
class in dynamo design. I say without hesitation that 
the administration and control of engineering classes 
by local authorities is a fiasco, and when we give the 


matter serious consideration and find that these classes 
form the only channel for providing theoretical training 
for the majority of our future engmeers, we see that it*^ 
is more than a fiasco : it is a crime. 

The efficiency of the teaching is of course essential 
in any training scheme, and every effort must be made 
to ensure that the teachers possess the necessary^ 
qualifications and also that they have every facility 
and opportunity for securing the best possible results.- 
Only those who have experience of it can realize the 
strain that teaching puts upon an enthusiastic teacher— 
and a teacher who does not^DOSsess enthusiasm should 
occupy himself in other directions. The proper prepara¬ 
tion of the lesson involves a very large amount of 
time and thought, and the arrangement of practical 
work in the laboratory, or of lecture-table experiments 
to illustrate the subject of the lecture, can easily occupy 
the whole day. After the preparation work is done, 
and during the two hours, or more, of the class meeting, 
the teacher must give of his best without pause or 
sensible slackening, for this is the only way to hold the 
attention of the class. 

Now I think that you will admit that work of this 
nature cannot be done efficiently unless the teacher 
gives his whole time to it. If his main work lies else¬ 
where and requires most of his time and energy, and 
he arrives at the school only a few minutes before the 
students, he cannot teach engineering subjects with 
any real success, because it is impossible for him to 
give his subjects adequate preparation or to devote 
any time to the arrangement of experimental work; 
yet this is the state of affairs generally found in connec¬ 
tion with evening classes. 

If the main function of the school in an engineering 
training is to provide the theoretical instruction 
necessary, with the greatest efficiency and economy, 
the method of teaching requires very careful considera¬ 
tion, but until engineers themselves are prepared to 
take an active part and interest in the training system 
and to collaborate with and assist the teachers, who are 
at present left to shoulder tlie whole burden, it is 
scarcely fair to criticize present teaching methods 
adversely. 

The best method of testing the knowledge possessed 
by an individual is extremely difficult to decide, 
and so far no really satisfactory method has been 
devised. Written examinations cannot bring out tire 
full extent of a candidate’s knowledge and they have 
the great disadvantage that they operate most ad¬ 
versely against those who have a nervous tempera¬ 
ment or whose power of expressing their ideas on paper 
is limited, whilst they give an undue advantage to 
those who happen to possess a good memory. Although 
written examinations will probably always be necessary, 

I . think that an oral test should also be made use of 
under conditions which do not tend to make the candi¬ 
date nervous, and at least as much weight should be 
given to the oral test as to the written. In addition, 
the actual work done by the candidate during the 
course, provided it has been satisfactory and of the 
right type, should be considered carefully and given 
even more weight then either of the above. A^Tiatever 
the method adopted^ it is, I think, most important thet 
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it should be conducted by the professional Institutions 
and should be of such a nature as to make it possible 

• for any candidate ''possessing the requisite knowledge 
to be registered as a quaJihed engineer, regardless of 
the channels through which he acquired his knowledge. 
The standard required should be high as regards both 
^eoretical and practical knowledge, but any attempt 
to specify the particular channel through’ which a man 

^ mus1;^ass in order to obtain full professional recogmtion 
would be inadvisable, as it might result in the exclusion 
of men who in all othqr respects were most desirable. 

The forgoing remarks may be summarized somewhat 
a3> follows:— 

(1) An engineer m^st be a specialist with extensive 
theoretical and practical knowledge. 

(2) Men without the necessary knowledge must not 
be recognized as engineers, and must not be permitted 
to pose as such. 

(3) The existence and provision of qualified engineers 
is a national necessity. 

(4) Full professional recognition and status is essential 

* in order to give efiect to items (1), (2) and (3). 

(6) Agreement and unity between the different 
branches of the engineering * professioh is required in 
order to secure item (4). 

(6) The engineering profession must take an active 
part in arranging for the education and technical train¬ 
ing of its members. 

(7) In a scheme for training engineers, evening classes 
under the supervision of the engineering profession, are 
permissible for adults but are not advisable for 
beginners. 

(8) The traiaing of engineers should not be placed 
under the control of local authorities. 

(9) The technical subjects of engineering should be 
taught by engineers who should give their whole time 
to the work and receive adequate renumeration. 

(10) A satisfactory test as to qualifications should 
. be devised by the engineering institutions, the passing 

of which should be accepted as sufficient qualification for 
admission to membership of the engineering profession. 

The best method of giving effect to the above de¬ 
siderata is of course a matter which would have to be 
discussed at very considerable length, and time will 
not permit of my doing this; in any case such a con¬ 
sideration is more a matter for the joint deliberations 
of the engineering institutions than for the individual. 
I think, however, that items (4) and (6) are absolutely 
vital, Item (6) is entirely a matter for the engineering 
profession itself, and, if full agreement were reached, 
everything would depend upon item (4). Without full 
professional recognition it would be impossible to give 
full, effect to the remainder of the programme, because 
the conditions of items (1), (2) and (3) could not be 
attained, and, in consequence, there would not be 
• sufficient inducement to attract the right men to the 
en^eering profession; with it, the rest of the pro¬ 
gramme would only be a question of time. 

This demand for full professional recognition can 
only be met by suitable legislation, and if the engine^- 
ing profession were sufficiently united and insistent the 
legislators would have to yield to its just demands. 

My proposals are so far-reachiag that I fear that any 


suggestions I could make fo^ ^carrying them out would 
appear to you to be visionary were I to put them forward 
as such. I have said that an engineer should possess 
vision and I have often wished that our really able 
engineers would occasionally visualize their dreams of the 
future for our edification; they would, I am^ure, prove of 
exceptional interest. I venture to put before you ayision 
of the condition of Irish engineering at some future 
period; an Ireland in which the word “ engineering 
embraces all branches of the profession and signifies 
to the public a national service conducted for the true 
advancement and industrial development of the country 
on lines which prevent the exploitation of the country or 
its resources for the benefit of syndicates or capitalists, 
and which ensure that a sound and consistent national 
policy is followed, regardless of sinister influences or 
vested interests; an engineering profession limited to- 
qualified men and cleansed from all personal rancours 
and petty jealousies, in which all members are recog¬ 
nized as of equal standing but in which each member 
is classified according to the particular branch of the 
profession to which he properly belongs; a profession 
ruled by a central council (containing representatives 
nominated by each of the branches) controlling such 
matters as education, professional etiquette, rules of 
conduct, legislation and the directing of public opinion, 
and endowed with full powers to prevent engineering 
charlatanism; a profession in which each branch is 
distinct in itself and retains its complete independence 
as regards its own special technical work, but v^th a 
very large number of branches, including civil, 
electrical, mechanical, municipal, educational, heating,, 
and ventilating engineering, etc., with a trading and 
commercial branch for those engineers devoting their 
energies to that class of work; a profession with 
room within itself for all men doing engineering 
work, and only asking for adequate qualifications 
and a high standard of professional conduct, and 
embracing all those manifold activities which make 
up the world of engineering proper, and theref<^re a 
profession possessing an influence and control sufficient 
to direct legislation, and consequently a profession able 
to hold out the prospect of reasonable remuneration 
to its members, a profession controlling the education 
of its members; by requiring for its recruits a definite 
t 3 q)e of elementary education between the ages of 12 
and 14, a specialized type of education between the 
ages of 14 and 16, and specialized technical instruction 
(in day classes from 16 to 20 , and evening classes <from 
20 onwards) for the worker students, with all the 
specialized instruction given by whole-time teaching, 
members of the profession whose work is ^super¬ 
vised by the central council; a profession whiSbs with 
the assistance and co-operation of th^se of its mem¬ 
bers emplo 3 dng engineering assistants, provides care¬ 
fully arranged and progressive courres in practical 
work for those assistants attending day classes^ and 
which co-operates with the universities and technical 
colleges and provides suitable practical training ^ con¬ 
currently with the university curriculum; and lastly,, 
a profession which undertakes the testing of the final 
qualifications of all applicants for entry and, in doing so, 
gives full weight to all the work done by the candidate* 
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during his course, whether ifcheoretical or practical, and, 
having satisfied itself of his fitness, accepts him as 
a member, whatever his social position. 

Such is the dream I present to you; criticize it as 
you will, but renlember that it is only a dream. 

You may perhaps consider that in dealing with the 
subject of the training of engineers I should have gone 
into more details as to the actual training methods and 
teaclnng syllabuses. These are, of course, branches of 
the subject upon which much might be written and I 
have very definite views regarding them, but I have 


purposely not expressed these views because I feel that 
they are details which must be settled by the engi¬ 
neering profession acting as a whole when it has 
obtained full professional recognition, just as the train¬ 
ing for the medical and legal professions has been 
arranged and elaborated by those professions. 

The whole question of the education of engineers is^ 
of such vital importance to the engineering profession 
that it may finally prove to be the common plafiorm 
upon which the different branches of the engineering'* 
profession will eventually come logether. 


NORTH-WESTERN CENTRE: CHAIRMAN’S ADDRESS 


By H. C. Lamb, Member. 


(Abstract of Address delivered at Manchester, Uh Ndvemher, 1924.) 


We meet again at a time when there are several 
good reasons, I think, to be hopeful about the near 
future of the electrical industry, one reason being 
that public opinion has become more convinced than 
ever Ifefore that one of the chief needs of to-day is a 
greater application of electrical power to the business 
of life in all its branches. Electrical engineers, of course, 
have been preaching this doctrme for many years, but 
the encouraging thing is that writers in the popular 
Press are now emphasizing this point, and the necessity 
for a natipnal policy with regard to the development 
of the electric supply industry is generally realized. 

In the public discussion of the subject by laymen, 
it is too often disappointing to find that those taking 
part iail altogether to do justice to the good work of 
British engineers,, and that little seems to be known 
of the sound, though unsensational, progress which has 
been made. It is, of course, all to the good that the 
principles underlying the charges for electrical energy 
, should be understood by the general public, and that 
the great importance of load factor and diversity factor 
should be appreciated, but, unfortunately, there is a 
tendency for some of those who take part in the popular 
discussions on the subject to divide themselves into 
two caihps, one of which says that the comparatively 
limited development of electrical power in this country 
is evidej^ge of the failure of private enterprise, while the 
other is^equally positive that the situation indicates the 
limitations of public ownersliip. This is an intensely 
interesting aspect of the subject, but a very thorny one, 
and it is perhaps unnecessary for me to say that I 
propose to leave it severely alone to-night. 

At the present ratp of growth, the output of the public 
.supply* stations in the chief towns will double itself in 
4 or 6 years—a rate of advance which, in any other 
industry, would give cause for immense satisfaction, 
but as ours is expected to grow at a phenomenal pace, 
something better is dei^anded. 

VoL, 63. *• 


Charges for Electricity. 

It is often said that, owing to supply charges being 
too high, development is slower in this country than 
it might be. It is hardly necessary for me’ to call 
attention to the very great part which water power 
plays in those countries which are most advanced 
electrically, and, as the fuel cost is 75 per cent of the 
total operating cost of a modern power station, it is 
clear that generation by water power must have a 
considerable influence on selling price. 

On this question of price it is only natural that 
frequent reference is made to America. It is no easy 
task to make comparisons between British and American 
supply tariffs, because no two are alike, but a close 
scrutiny of the charges in force in the principal towns 
leads to the definite conclusion that, while the flat 
rates for lighting are, on the whole, lower in America 
than here, the rates for power are practically on the 
same level. 

As regards the industrial power supply section, it is, 

I believe, a fact that the most advanced British munici¬ 
palities and power companies have secured as great a 
proportion of the potential demand as have similar 
undertakings anywhere else, although, of course, there 
are still vast possibilities in this direction. 

Domestic Service Load. 

It is in the development of the domestic service load 
that, we are behindhand, in spite of the fact that there 
does not appear to be anything in America so favour¬ 
able to tile consumer as are the two-part tariffs in common 
use here, with a fixed charge based on the rateable 
value of the house, plus a low rate for energy consumed ; 
and yet the number of domestic consumers in British 
towns is only a small fraction of what it should be. 
In the Manchester area, for instance, electricity is used 
in 10 000 dwelling houses, which is only 6 per cent of 
the whole number, and is typical of our own towns." 
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generally. In the most progressive towns in America 
4 ^ is given te» 80 per cent, or even more, of the 

houses, and it must be admitted, I think, that this 
difference is chiefly due to the much greater enterprise 
shown there. 

One would like to take this opportunity of acknow¬ 
ledging the very generous response which‘is invariably 
. supply undertakings in the United 

Stat^ for information regarding the methods which 
assisted in their rapid progress. Briefly, the 
problem was ike same in the American towns a few 
y§ars ago as it is here to-cfay, namely, what can be done 
with the unwired house. It was solved by the adoption 
of a defenred payment system for wiring and fittings, 
financed in some cases by the supply companies them¬ 
selves, in others by the banks working in conjunction 
with ^sociations of wiring contractors. The tariffs in 
force in almost all English towns to-day are sufiSciently 
attractive to ensure that practically all new houses of 
any class axe wired for the use of electricity, but it 
seems impossible to secure the old houses in any great 
numbers without some scheme of free or assisted waring. 

In the same way, it is the first cost of electric apparatus 
which prevents its use by the general public. For 
example, up to a year ago only 100 electric cookers were 
purchased and installed by consumers on the Manchester 
m^s, whereas in the first year of a public hiring scheme 
500 were connected. One great advantage of public 
hiMg and maintenaiice schemes is that the experience 
gamed rapidly leads to improvements in design. The 
records of f^ures show the general weaknesses and 
make it possible to specify features essential to success. 
If rapid progress is to be made, it would appear that 
more apparatus must find its way from the manufacturer 
to the consumer through the supply authorities. This 
method inspires confidence, because the consumer knows 
that untried and untested articles will not be recom¬ 
mended to him, and thht, in case of accidents, satis¬ 
factory repairs will be carried out at a reasonable cost. 


Street Lighting. 

A.nother direction in which the consumption of elec- 
tricity may well show a considerable increase is in the 
pubhc hghting of the streets, for in recent years there 
1^ been a marked raising of the standard of desirable 
nluimnation. This is, no doubt, partly the result ol 
^e mproved lighting in shops and public buildings, due 
adoption of lamps of the gas-filled type, 
ana the more effective glassware now available, but it 
IS in a much greater degree the result of the conditions 
^imng from the very pronounced growth of high-speed 
tra.ffic. It is well recognized, both by motorists and bv 
police authorities, that adequate road-illumination is 
most effective in reducing the risks inseparable from 
sucn traffic. 


iUumination on the horizo£tal plane at ground-level 
midway between lamps :— 

For important street-crossings and public squares, 
etc., in cities where traffic is dense 

0*6 to 1 foot-capdle, or more. 
For important main thoroughfares „ 

O'3 to O'6 foot-candle, or more. 
For secondary thoroughfares .. .. 0-1 foot-c&dle. 

For side streets and streets in residential districts 

O'06 foot-candle. 

Some of these values may appear to be on tiie 
side, but there is little doubt that they will eventually 
be exceeded. 

Despite the relatively high efficiency of flame arc 
lamps, they are being rapidly superseded by gas-filled 
incandescent lamps, mainly owing to the lower capital 
^arges and maintenance charges of the latter, but also 
because they axe much more reliable and are more 
suitable for use with the modern scientifically-designed 
dnective glassware. 

As an " aU-night ” street-lighting load has a load factor 
o well over 40 per cent, it is obviously a very desirable 
on^ and more particularly so in the case of residential 
districts. The only disadvantage is that it is essentially 
a peak load, but there is every indication that the 
mpori^ce of this distinction is rapidly disappearing. 
Depending upon the standard of illumination adopted, 
the load will vary from 6 to 25 watts per yard of street. 

The announcement that the electrification of the 
Manchester to Oldham railway line is to be proceeded 
with, IS one which will be welcomed by all electrical 
engmeers, and will, at the same time, bring renewed 
hope to many thousands of long-suffering suburban 
travellers, some of whom spend a weary 20 minutes 

ey^ morning in a railway train, in order to cover a 
distance of 4 miles. 

Nothing would give greater public satisfaction tiian 
a sign that a forward policy was to be adopted by the 
railway companies in respect of railway electrification. 

The Super-power Station. 

It may be said, without fear of contradiction, that 
the super-power stations erected in the last few years 
have fuUy realized the high expectations of those • 
responsible for them. They contain some of the finest 
products of British engineering, and are operated in a 
manner unsurpassed anywhere as regards the care 
which IS taken to secure the highest working efficiency. 
One sign of the interest they have aroused is in the 
constant stream of engineering visitors which they 
ateact from all over the world. The high, thermal 
efficiencies predicted, the economy of labour, ^id low 
working costs have all been realized. ' 


The most striking difference between old and moder 
methods of street lighting arises from the fact that th 
lamps are now regarded as sources of illuminatioii 
whereas formerly they were merely beacons placed a 
i^ervals for the purpose of indicating, more or les 
effectively, the line of a roadway, just as buoy light 
are used in the channel of an estuary. The foUowini 
® regarded as desirable values of the minimun 


High Steam Peessur&s. 

The stations now opiating at 376 lb. steam pressure 
have a coal consumption per kilowatt-ijjour which is 
about one-half of what was usual .20 years ago; when* 
the steam turbine came into general use. A further 
gain of 8 per cent can be made by raising the initial 
pressure to 660 lb. per square inch and reheating the 
steam once, whejjeas if, inste^of stopping there, the 
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pressure were raised to •1«200 lb. per square inch, and 
the steam reheated twice, it is estimated that 20 per 
cent would be saved, making it possible to obtain 
station overall thermal efficiencies of 26 per cent when 
using very large units. Plant of this kind, of course, 
means high^pital cost, and no doubt its justification 
will depend on the future price of fuel. 

It looks as though the ultimate possibilities of high- 
procure steam will be explored before ver}^ long. Boilers 
have been ordered for a working pressure of 1 200 lb. 
per square inch—not, as might be supposed, small 
experimental units, but, on the contrary, designed on 
the scale common in big power stations to-day, having 
steam and water drums of forged steel with walls 
4 inches thick. 

Benson Boiler. 

One of the boldest experiments with high-pressure 
steam is the Benson boiler, which will have nothing to 
do with half measures, but goes at one jump to what 
is called the critical pressure of 3 200 lb. per square 
inch. It is an arresting fact that, at this pressure, the 
steam has no latent heat, and its volume is no greater 
than that of an equal weight of water at the saturation 
temperature of the steam. 

The expeiimental plant which has been constructed 
at Rugby consists of small-bore steel tubes, in the form 
of a number of vertical spirals. Distilled water is 
continuously fed into the bottom of the spirals at a 
consent pressure of 3 200 lb. per square inch, and, as 
it rises in the tubes, its temperature is gradually raised 
to 706® F., when it passes into steam without any boiling 
process (in the ordinary sense of the words). I under¬ 
stand that the turbo-plant to operate in conjunction 
with this boiler has been completed, and the results 
of the tests which axe now in progress will be awaited 
with much interest. 

The raising of steam pressures has brought certain 
troubles with it, but these are almost entirel}'’ confined 
to the accessories of the main plant, and will soon be 
overcome. One of the chief difficulties has been the 
rather serious waste of steam which occurs through the 
scoring of the faces of safety valves and drain valves, 
when they are, called upon for throttling action at very 
high temperature and pressure. Unequal expansion and 
unsuitable materials have been the chief causes of these 
troubles, but many improvements have recently been 
made. 

* Boiler Priming. 

The fear was often expressed that high-pressure, 
high-duty boilers would give serious trouble through 
priming.^ Experience with a large battery of boilers 
workei^ at 376 lb. per square inch, and having steam 
and water drum^ exceptionally small in proportion to 
the evaporative capacity, goes to show that very little 
priming takes pllce so long as proper care is given to 
the condition of the feed water. 

• . BqiLER Feed-water. 

The rate of evaporation for a given heating surface 
is now double what it used to be, and the high-duty 
boiler of to-day requires water of exceptional purity 
both as regards soluble^ matter and^dissolyed oxygen. 


Unless the water supply is very good, it is necessary 
to install evaporators for the maki-up water which, in* 
any case, should be kept down to the minimum quantity 
possible. Every precautioiv has to be taken to prevent 
loss of water, and the slightest leakages should bestopped. 
If once pitting of*boiler tubes is allowed to start, it 
becomes very difficult to arrest, and it is now recognized 
that the main cause of corrosion in boilers, econoigizers,^ 
and sometimes in turbine blading, is dissolved oxygen 
in the feed-water. The closed feed-water systems cTf 
to-day, designed with the object of rigidly excluding 
air, are a great contrast to tlife old method of open tanks 
I with water spraying from a ball valve and assisting 
to the maximum degree the proems of dissolving oxygen 
from the atmosphere. The new metliod can be entirely 
successful, but only if great care is exercised. 

In spite of what has sometimes been said to the 
contrary, a tight surface condenser, working under liigh 
vacuum, is an efficient de-aerator, provided that the 
make-up water is injected in a fine stream. Under these 
conditions, the amount of dissolved oxygen present 
when the condensate leaves the condenser can be as 
low as 0*07 cubic centimetre per litre, and this small 
proportion is probably harmless. 

Condenser-tube Corrosion. 

Another problem receiving a great deal of attention 
in power station laboratories is condenser-tube corrosion. 
The fear of dirty and corrosive circulating water getting 
into the boiler feed through a broken condenser tube is 
somewhat of a nightmare. One of the difficulties is 
that the problem is usually entirely different at each 
station, and it is necessary to carry on independent 
investigation. Most valuable work has been done at 
many places, and it might help towards a solution of 
this complicated problem if all the information obtained, 
where condenser-tube corrosion is experienced, could 
be collected and published by one of the Institutions. 

Experience shows that the forecasted worldng boiler- 
efficiency of 85 per cent can be maintained over an 
indefinite period, but this is only possible when some 
process is adopted for keeping the heating surfaces 
continuously clean. In tlie early days of the steam-jet 
blowers, much damage was done by improperly directed 
jets and many tubes were ruined, but this trouble has 
now been overcome, as well as the difficulty of obtaining 
material which will live in the first pass of the boiler. 

Grit Arresters. 

A recent improvement which should always be 
installed in combination with soot blowers, when solid 
fuel is used, is the cinder catcher. From the aesthetic 
point of view, the modern system of fan draft and short 
steel chimneys is much to be preferred to the old 
skyscrapers, but there is no doubt that in many cases 
a nuisance has been caused by the great quantities of 
grit discharged from such chimneys. The first, attempts 
to overcome this trouble were not altogether successful, 
but catchers can now be obtained which will eliminate 
90 per cent of the solid stuff from the chimney gases, 
and many tons of gritty dust which would otherwise 
be deposited in the near neighbourhood of the station 
are collected and transported to the ash tips. 
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Air Preheaters. 

• Another new feafiJre of the boiler house, of which 
there is comparatively little experience, is the air 
preheater. Only a few years ago, there was much 
scepticism regarding the use of air heaters. The first 
point in doubt was whether the tulJes, or other classes 
of metal channel employed, could withstand the cor- 
•rosiy’% action of the flue gases for a reasonable length 
pf time, and secondly, whether the calculated economy 
would be borne out in practice. 

With regard to the first of these points, it is well 
kifown that the flue gas contains acid sulphates, which 
readily attack mild s^eel in the presence of moisture. 
The important point m the operation of air heaters is, 
therefore, that the gases should never be cooled to so 
low a temperature that deposition of moisture takes 
place. It m, perhaps, too early yet to speak confidently, 
but the evidence so far goes to show that a life of 10 or 
15 years may reasonably be expected for air heaters. 

Somfe trouble, through the burning of grates and the 
destruction of brickwork, has been experienced when 
an air temperature of F. has been exceeded. In 
fact, it is doubtful whether even this temperature will 
be^found to be economical, as it will certainly cause I 
increased furnace maintenance costs, but at moderate 
temperatures, such as 200° F,, air preheating h a s been 
an^ unqualified success, and the expected increase in 
boiler efficiency has been fully realized. Combustion in 
the furnace is greatly improved, and the combination 
of air preheater with the very large furnace volumes of 
to-day produces an entirely smokeless result. This last 
point is particularly important, as much in the interest 
of our own industry as in that of the whole community. 
The growing pressure of public opinion wiU some day 
force smokeless combustion on aU industrial concerns, 
and if the power supply plants lead the way, as they 
should, the chances of public favour and new business 
are greatly improved. The public smoke inspector 
should be an important, though purely honorary, ally 
of the electricity supply authority. 


bURER-TENSION CABLES. 

An entirely different subject, but one of particularly 
absorbmg interest is tlie future, or perhaps I should 
say the present, of the super-tension cable. 

The schemes which are developing for distributing 
power over wide areas from a small number of large 
plants, depend for their success, in this country at any 
rate, on underground transmission at high voltage. 
Interest was undoubtedly stimulated by the announce¬ 
ment of Government intentions to use the powers of 
tte Sta,te for ^e purpose of furthering a scheme of new 
ttansmissidn lines, and one may perhaps be permitted 
to hope tlmt certain very recent events will not cause 
any reversal of that policy. 

An important question in connection with super- 
te^ion transmission is whelher single-core or multicore 
cable ^ould be adopted. In this country multicore 
cable IS chiefly favoured, but on the Continent the 
W^cy has been for a long time, and apparently is 
still to smgle-core cable. The chief claim made 
on behalf of single-core cable is one which must appeal 
strongly to all those who have responsibility for main- 


taining continuity of supplyrin large electrical systems. 
I refer to the claim that, as the insulation of the con¬ 
ductors is subject only to the dielectric stress between 
phases and earthed neutral, the automatic protective 
gear will be called upon solely to deal with faults to 
earth, and not with short-circuits between, phases. It 
has been the custom to think and speak of high-tension 
cables as never breaking down, except through faults 
having an external origin. For the higher voltages*how 
coming into use this no longer holds good, and the shock 
of a short-circuit at a pressure of 33 000 volts or more, 
even when the fault is several miles from the generating 
plant, is very severe, especially on a big system with 
several power stations and a great deal of converting 
plant feeding into the fault. The claim, therefore, that 
short-circuits would be eliminated by the use of single¬ 
core cable is one which merits the fullest consideration. 
It should be remembered, however, that two simul¬ 
taneous earth faults on different phases are quite a 
possibility, and amount to much the same thing as a 
short-circuit, and it has been found in practice that^ 

I unless great care is exercised, the damage caused by a 
fault on a single-core system is not confined to the 
area in which it originated. 

Another claim made by the advocates of single-core 
cable is for increased current-carrying capacity, due to 
bette dissipation of heat and a reduction in the mutual 
heating between cores; also, that a fourth cable, on a 
three-phase system, constitutes 100 per cent spare on 
the assumption that it can be used to take therplace 
of any one of the three cables forming the main. 

These claims are of doubtful validity, particularly 
the last, which would involve switching complications 
and would prevent the triangular formation of the 
cables that is so desirable. 

With regard to jointing, it is claimed that single-phase 
joints are less likely to break down than three-phase 
joints, but -^s claim is discounted by the fact that there 
three times as many of them, which is important 
in view of the difficulty experienced in mainta-ining 
watertightness of the boxes. 

One disadvantage of the single-core cable is that, 
armouring tliroughout being inadmissible, the cables 
are more liable to damage during laying than are three- 
phase armoured cables; and another is that the system 
is less flexible and not so adaptable to the varied 
conchtions and requirements of an underground trans¬ 
mission line, particularly in cities. 

Probably the chief point against the single-core sj^stem 
is the substantially greater cost of manufacture, laying 
and jointing, as compared with the multicore system. 

It may be that consideration of capital ch^ges and 
eddy-current losses will fix a minimum press^irc^or the 
coi^ercial use of single-core cables, and that manufac¬ 
turing difficulties will fix a maximum for multicore 
cables, and further, that these two Hifiiting figures will 
not be very fax apart, possibly in the neighbourhood 
of 60 000 volts. 

It is, I b^eve, a gratifying fact that fetish makers - 
stand first in the world in the manufacture of super- 
tension mnlticore cables, and it is no doubt correct to 
say that there is more of such cable in use in this countrv 
than anywhere el^e. The SS^OOQrvolt underground line 
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for connecting the- suppl}^ systems of Manchester and 
Salford was not quite the first example of the kind, 
although it was the first in Great Britain. It has been 
in continuous use for five years—so far, without a black 
mark of any sort on its record. Since then, over 60 
miles of cabte for this pressure have been laid down in 
Manohester and the immediate neighbourhood, and 
there.are, of course, many other installations—^some 
at e^en higher voltages—in England and Scotland. 

Although there are hundreds of miles of underground 
cable working at 20 000 and 22 000 volts with entirely 
satisfactory results, it is no secret that a certain amount 
of trouble has been experienced, both with joints and 
with cables, at voltages above 30 000, and that it has 
been necessary in some instances, alike in this country, 
on the Continent of Europe and in America, to make 
temporary reductions in working pressures. This 
applies both to single-core and multicore systems. It 
is right to emphasize the fact, however, that practically 
all manufaeturers and users are convinced that such 
reduction in working voltage is only a temporary 
measure, pending certain alterations, and in some of 
these cases the normal pressure has already been 
restored. Troubles have been due to various causes. 
In the first place, these main transmission lines have 
often to be laid very deep in the ground, wliich increases 
the dfficulty of keeping water out of the joints. 

With regard to breakdowns of the cable itself, a 
striking point is that very slight changes in manufacture 
appear to make all the difference between failure and 
success. The absolute exclusion of air, the removal 
of the last trace of free moisture from the materials, and 
tightness of the dielectric, are no doubt essential to 
success. It would appear that changes of temperature, 
following tile rise and fall of the load, cause movement 
of moisture and of the impregnating oils, which may 
result in breakdown, even after the cable has stood 
up to a test far more severe tlian the normal working 
pressure. 

O^ng to the relatively large proportion of dielectric, 
super-tension cables are somewhat weak mechanically, 
and require much more careful handling and laying than 
those for ordinary pressures. It has even been suggested 
that the cable should be manufactured in straight 
lengths, and not coiled on to drums; but that, of course, 
is going to extremes. Electrically, the unbalanced 
static potentials existent in the usual 3-core formation 
would appear to present a more difiacult problem than 
the maximum potential gradient on the layers of 
dielectric immediately adjacent to the conductors. 

A great amount of research work has been carried out, 
and th^ considerable practical experience recently gained 
will, it»m^y be said with confidence, soon bring the 
super-tension cabie up to the same high standard of 
reliability as has been attained by those working at 
more usual presumes. More than this could not be 
desired. In the meantime, credit is due both to those 
manufacturers who have done the pioneering work 
.which .has mSde possible the super-tension cable, now 
so essential to electrical development, and to those 
authorities in the electricity supply industry who have 
not been afraid to shoulder considerable responsibility 
in its extensive use. 


Protective Gear for Large Systems. 

The rapid development of large* transmission systems^ 
has increased the importance of automatic protective 
apparatus, and the nature of^the breakdowns experienced 
on these systems may have a bearing on the future 
design of the protective gear. ^ 

Practically all failures of cables at pressures up to 
11 000 volts have originated as faults to earth, awd, for. 
that reason, it has been possible to clear them by means 
of discriminative protective iipparatus before short- 
circuits between cores have ^developed. On the other 
hand, with voltages over 30 000 it has, unfortunateJTy, 
been the case that breakdowns h|.ve been due to short- 
circuits between two cores, and, in spite of the quick 
operation of protective gear, it has not always been 
possible to isolate the faulty feeder with sufficient 
rapidity to prevent a serious disturbance of the whole 
system concerned. 

The advantages of simplicity and reliability in the 
design of this protective apparatus are now widely 
recognized, but there is still room for further improve¬ 
ment, as even the most modem types have not been 
entirely satisfactory in practice. Much of the trouble 
has been caused by the weak mechanical construcjjon 
of the relays, although it is clear that the best possible 
workmanship is not too good for relays controlling 
feeders each one of which may have a load of 15 000 
or 20 000 kW. 

Another point not sufficiently appreciated in the 
design of protective apparatus has been the extent and 
effect of the comparatively heavy capacity-currents in 
33 000-volt mains, and, consequently, gear of the 
highest repute has failed to retain its stability under the 
capacity-current conditions arising from a severe S 3 rstem 
disturbance. There is, however, every indication that, 
by rendering the relays partially immune from the 
effects of currents of abnormal frequency, and, if neces¬ 
sary, reducing the sensitivity of the operating settings, 
it will be possible to overcome the capacity-current 
troubles, and the effects of the heavy through-current 
caused by short-circuits, or excessive overloads, on 
portions of the system outside the protected zone. 

Various systems of generator protective gear have 
been in successful operation for many years, but the 
combined protection of generator and step-up trans¬ 
former, which is now becoming necessary in many cases, 
has not always been quite so successful, owing to the 
unbalanced component of the circulating current 
introduced by the magnetizing current of the transformer. 

Outdoor Switchgear. 

A good deal of interest attaches to the large 33 000- 
volt outdoor switching equipment installed in Manchester 
more than a year ago. So far, the operation of this 
has been entirely without notewortliy 
incidents of any kind. There was some natural hesita¬ 
tion, at the time when the installation was designed, 
as to whether such an experiment could be a success 
under the peculiar climatic conditions of this city. Now 
that these fears have proved groundless, it is likely that 
other similar installations will be used, not so much, 
perhaps, in cities, as in schemes for rural electrification. • 
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By Thomas Boyes Johnson, Member. 

» THE VOCATION OF THE ELECTRICAL ENGINEER.” 

(Address delivered ai Leeds, llih November » 1924.) 


No one can read the reports of the proceedings ^ at 
the Commemoration tkeetings of this Institution held 
in February 1922, without being struck by the enormous 
development of engineering during the last 60 years. 
Dealing with electrical engineering, it seems incredible 
that at the time of the birth of many of us electric 
lighting was practically unknown, the telephone had 
not been invented, electric trams and railways had not 
been thought of, whilst wireless telegraphy and tele¬ 
phony—^which have now attained such universal 
prominence—^were not even dreamt of. The djmamo 
enjered the area of commercial use less than 60 years 
ago, and it still seems almost miraculous that the turning 
of a mass of iron enclosed in wire in an electromagnetic 
field should give us lighting, heating, traction and power 
in such various ways and to such an enormous extent 
as we have to-day. 

There is no reason to think that there will be any 
slackening in the field of discovery or in that of practical 
application. As Prof. Howe remarked at the meeting 
of the British Association in August last: “ We can 
look forward with confidence to an ever-increasing 
application of electricity to the utilization and dis¬ 
tribution of tlie natural source of energy for the benefit 
of mankind,'^ 

It follows that the world at large must have been 
profoundly influenced by the engineering achievements 
of the last half century, and that the engineer must 
have influenced the conditions and amenities of life 
to a very great degree. It is certain that he will con¬ 
tinue to influence them to an equally great degree in 
the coming years. Fortunately the work of scientific 
research is now recognized more generally than was 
formerly the case, and various administrations and 
organizations are satisfied that it is worth the cost. 
On ^e work of the scientists depend the practical 
applications which ameliorate the conditions of mankind 
and the improvement of our industries. 

Among the developments lying immediately in front 
of us is that of the national power resources. To 
replace the wealth which has been destroyed new wealth 
must be created, and this can best be done by drawing 
on the resources of Nature’s great treasure house. It 
is interesting to note that so far back as 1876 Lord 
Kelvm recommended—^as modem investigators and 
politicians also do—^that power stations should be 
situated near the coal mines, and the power transmitted 
from there, instead of coal being carried to the. places 
where needed. It is unfortunate that, the provision 



of power on a large scale is largely hampered by what 
Sir John Snell calls intense municipal feeling,” and, 
in view of the need of such development and of the 
great advantages which could be derived from it, it is 
hoped that the Electricity Commissioners will soon be 
able to make greater progress than they have hitherto 
succeeded in doing. The utilization of waste heat and 
exhaust steam, the most economical methods of using 
coal, and the use of oil and alcohol—all present oppor¬ 
tunities of considerable development in the near future. 
When the public becomes aware of what a good and 
cheap supply of electricity for the whole country 
could do to promote its welfare, it will demand the 
promised boon and will sweep away obstructions 
whether these be municipal or the vested interests of 
companies. 

Dr. Landor, the Director of Fuel Research, describes 
the fuel problems as follows:—First, the utilfeation 
of coal in a manner which will render available the 
largest possible proportion of the potential heat which 
it contains; secondly, the obtaining from our coal 
resources of oil in sufficiently large quantities to render 
us to some extent independent of imported supplies— 
tffis is doubly important since the imported supplies 
are in the main controlled by our industrial competitors ; 
thirdly, for industrial and domestic purposes the 
obtaining of an adequate supply of a more smokeless 
type of fuel, the use of which would effect to the nation 
considerable economies in other directions.” 

At the World Power Conference at WTembley, Prof. 
Gibson expressed a hope that a large extension of 
water-power plant in the United Kingdom could be 
obtained economically. The further development of 
water power for large stations will doubtless depend 
on the success of the Severn experiment, but it may 
be pointed out that the Chester Corporation have for 
some, years obtained power for electric tramways from 
the River Dee, and that small hydro-electric plant is 
stated to be very economical in comparison with larger 
installations. In countries such as the Unitedr States, 
Canada, Scandinavia, etc., the developments ihay be 
enormous. 

The Smoke pROBLEii?. 

Another of the important questions urgently calling 
for solution is the diminution and eventual abolition 
of the smoke nuisance. Sufficient figures have been, 
quoted to show the wastefulness of our present methods 
of consuming coal and that it would be economical to 
alter them, but what cannot so readily be shown in 
figures is the enor^nous damage^to life and health caused 
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by the conditions jinder which we live. All onr great 
cities are under an unilecessaxy pall of smoke which 
robs us of many hours of sunshine per year and damages 
not only the health but the temperament of people. 
It has been shown over and over again that smoky 
districts in's^iably have a high infantile death-rate, 
and it is not a matter of coincidence but of cause and 
effect that the most discontented people and those most 
readty to fly to violent remedies are the inhabitants 
of smoke-laden cities. In 1923 the diseases classed as 

rheumatic'' (which are notably affected by the absence 
of sunlight) cost the approved societies 2 million pounds 
in sickness benefit, and the nation 3 million working 
days of insured persons alone. In Leeds thousands 
of pounds a year are spent on the additional washing 
of men's collars owing to unnecessary smoke and dirt. 
The smoke nuisance is tolerated largely because we have 
grown up with it, and also because of the strongly 
ingrained impression that " dirt means wealth." It is 
high time that people realized that the wealth can be 
produced without the accompaniment of so much dirt. 
If the political parties can be convinced that the question 
of smoke abatement is one on which votes can be 
obtained, a speedy improvement will be seen. The 
time has come for a strong lead to be given by the 
various Institutions, and the Government should give 
a time limit to all factories using raw coal. Manu¬ 
facturers would then take care that, in making any 
alteration or extension, electrical driving would be 
provided for in anticipation of the compulsory 
change. 

There is also the question of domestic coal fires. 
Every effort should be made to spread the use of electrical 
appliances for domestic use, and as showing the magni¬ 
tude of the task in this country it may be pointed out 
that in the United States of America there are more 
than II million homes wired for electrical service. 
Municipal corporations should become alive to the fact 
that a policy of taking profits from electricity, gas, 
wat^ and tramway undertakings, in order to reduce 
and camouflage rates, is a great mistake. After making 
provision for interest, repayment of capital, and 
depreciation, the balance should be devoted to the 
spread of the use of electrical, gas and tramway under¬ 
takings. To the average citizen this would be a positive 
gain financially, while from the point of view of health 
and cheerfulness the gain would be much greater still. 
It is satisfactory to learn that the Glasgow Corporation 
have* decided to install Maclaurin producers for the 
manufacture of smokeless fuel and the provision of 
gas at the Dalmarnock generating station. Extensive 
experiments with such plant have shown that a satis¬ 
factory *sfliokeless fuel can be produced and sold at 
a price equivalent to that of coal when regard is paid 
to its calorific value, and that the gas produced can 
be used for firing steam boilers. Many of the large 
modern buildings in London are heated by steam from 
boilers fed by oil. fuel, and this practice seems to be 
making consJflegrable progress. At Nottingham a scheme 
has been adopted for setting up plant at pit-heads 
which are quite near to the city, where the coal will 
be treated by a low-temperature carbonization process, 
producing a supply offgas for the citg mains and leaving 


behind a residue of oil and smokeless fuel. It is 
claimed that this scheme will make Nottingham the 
first smokeless city in the counti^. 

Telephony, 

It seems almost incredible that the first telephoq^ 
exchange was established so late as 1878, while to-day 
there are well over 20 million telephone exehangc^ 
stations in various countries, nearly millions being 
in Great Britain. The first ••multiple exchange was 
established 10 years later,^ and by means of these 
multiple boards one operator can have access to 10 000 
lines. It is physically impossible for one operator to 
obtain access to a greater number. With the develop¬ 
ment of the automatic system, however, this limitation 
disappeared. The first automatic exchange in this 
country was opened at Epsom in May 1912, and several 
others were completed in 1916 and 1916, The first 
large city to be provided with an automatic exchange was 
our own city of Leeds, where, in spite of serious difficulties 
owing to the war, a 6-figure exchange constructed by 
the Automatic Telephone Manufacturing Co. was 
opened in May 1918. This was the largest automatic 
exchange in Europe, and the largest in the worl^ to 
be transferred from the manual to the automatic 
system. It is still the only 6-figure exchange in Great 
Britain, but a similar one is being constructed in Sheffield, 
other automatic exclianges are being provided in various 
towns, and the conversion of the London system to 
automatic working has been commenced. A 4-figure 
exchange at Grimsby constructed by Messrs. Siemens 
was opened in September 1918, and proved equally 
satisfactory. Another 4-figure exchange has just been 
opened at York, and the conversion of the Leeds 
suburban exchanges to automatic working is proceeding 
steadily. A 4-figure exchange at Harrogate has been 
commenced, one at Halifax will be started as soon as 
the building is ready, and others will follow at Wake¬ 
field, Keighley and other places within the area of the 
North Midland Centre. The Hull Corporation have 
also opened two automatic suburban exchanges. We 
are glad to know that the system in Leeds has proved 
the advantages of automatic telephone working, and 
that the Post Office authorities are now definitely 
committed to the establishment of automatic working 
as the standard method for large exchanges. 

Another important development in telephony has 
been in the distance over which speech can satisfactorily 
be transmitted. In Graham Bell's first business circular 
it was stated that telephones could be furnished for the 
transmission of speech through instruments not more 
than 20 miles apart. With the improvement of lines 
and apparatus the distance was largely increased, but 
was still limited. Continued attempts were made to 
devise a telephonic relay to repeat telephone curfents 
in the same way as the well-known telegraphic relay, 
but all these proved unsatisfactory. With the invention 
of the thermionic valve or repeater, however, the 
difficulty disappeared, and there is now practically no 
limit to the distances over which speech can be trans¬ 
mitted. Speech is already carried from East to West 
of the American continent, and there is no technical 
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reason why it should not be carried equally well between 
the extremes of North and South America. 

• Improvements in t^ie condition of the lines used for 
telephone working have been remarkable. For many 
years it was necessary to use aerial wires, owing to the 
limited distance possible with gutta-percha-covered or 
igibber-covered conductors. Air-sp^ce cables increased 
the distance considerably, and the invention of the 
•loadii^g coil straightway enabled the distance to be 
increased about threefold. In 1913 the first balanced 
cable for both telegraph, and telephone wires in this 
country was laid between^Leeds and Hull, and proved 
so* successful that the laying of such cables for long¬ 
distance telephony became the standard practice. This 
balancing enables thermionic repeaters to be used, and 
telephonic communication by means of balanced cables, 
loading coils and thermionic repeaters can be carried 
on from one end of the country to the other. 

International Telephony. 

It will be remembered that Mr. Gill during his 
presidency of the Institution devoted great attention 
to the development of international telephony, and the 
development of this phase of telephony will undoubtedly 
occtipy a prominent position in future. Here, again, 
the invention of the thermionic valve opened up a 
new era. By its means the British military authorities 
were enabled to have telephonic communication between 
London and the Expeditionary Force Headquarters in 
France. The Germans with the great advantage of 
land frontier had circuits from Berlin to the Army 
Headquarters in Northern France and Russia, and also 
right across Austria and the Balkans to Constantinople. 
Owing to its geographical position, as well as for other 
reasons, Germany is bound to occupy a large place in 
any scheme of European intercommunication. At the 
international conference held in Paris last year, at which 
Belgium, England, France, Italy, Spain and Switzerland 
were represented, much work was done in gettuig 
unanimous approval to many important technical pro¬ 
posals which were officially confirmed by the Govern¬ 
ments of those countries, and further progress was made 
at a record conference in Baris in April last when no 
fewer than 21 European countries were represented. 
It is much to be hoped that Mr. Gill's plan of an inter¬ 
national board for constructing, maintaining and 
operating long-distance circuits will be adopted. The 
influence of such an association and of international 
telephony would extend far beyond the boundaries of 
telephone working, and be of great service in creating 
and maintaining good feeling between the peoples of 
different countries, thus removing national misunder¬ 
standing, inspiring confidence and removing friction. 

The Vocation of the Engineer. 

If the electrical engineer has so much influence over 
the lives of fellow citizens and the conditions under 
which they live and work, it follows that whether 
employed by the State, a municipality or a limited 
company, he is in the best and most complete sense 
of the term a public servant, and he should realize 
,the obligations which this places upon him. The 


education and. training of the engineer are of great 
importance and have been deSll with in various addresses 
to the Institution. The pay of the engineer is also of 
importance, and the Institution should, without undue 
interference in wages questions, use its influence to 
raise the general standard of remuneration of engineering 
officers and men. In this connection reference is fate¬ 
fully made to the letter sent by the presidents m the 
professional and technical institutions to the Erime 
Minister in February last, in which the greater recog¬ 
nition of scientific and technical men in the Government 
service was urged. It is wrong, for instance, that 
engineering workmen of long experience and ixaining, 
and of great skill, should be receiving less wages than 
unskilled labourers in some occupations. 

Of greater importance is the character of the engineer 
and the spirit which animates him. Realizing that the 
public depends upon him to so great an extent, the 
engineer will look upon his work not merely as an 
occupation by which he can earn a certain amount of 
money, but as a vocation. The public is entitled to the 
best service he can give, and a high etlncal conception 
must be put on his duties. 

There is one way, in particular, in which the electrical 
engineer can be of very great service in an important 
direction. Writers and speakers generally refer to 
capital and labour as if these were the only two classes 
affected in industrial matters, whereas the great bulk 
of the members of the Institution do not come within 
either of these categories, but are supervisors^ etc. 
The ownership of factories in the North of England 
has changed in such a way as to alter largely the 
character of local life : 'whereas formerly the great pro¬ 
ductive concerns were owned and conducted by strong, 
shrewd men who had climbed out of lower ranks, their 
descendants have largely sold out to company pro¬ 
moters, Many men who .still continue to be directors 
have mostly gone to reside at a distance, and their 
interest in the place of their origin, and in the com¬ 
munity from whom have derived their ample 

means, is ended, except for the limited duties oi the 
board-room. With the decrease of private ownership 
which goes on at an increasing rate year by year, the 
old relations between the employer and his workmen 
are practically dead, with the result that there is a largo 
amount of misunderstanding, distrust and fear between 
them. The engineer, whatever his supervising grade 
may be, can do a great deal towards filling the gap. 
He can represent. the requirements of the employers 
to the men in a reasonable light, instead of simply 
issuing orders, and can receive suggestions or, if 
necessary, remonstrances, from the workmen, and 
represent them to the employers or directer^' ^ Many 
of the most serious industrial trouble^ of recent years 
have undoubtedly been due to misunderstanding and 
suspicion, and the engineer who showp himself wortliy 
of trust by both parties, and loyal both to those above 
him and those below him, can exerc^e a very valuable 
influence in minimizing trouble,* Engineers stand 
between capital and labour, and also' between the "public ' 
and its safety, and by their education, training, and 
sympathy with all classes seem specially competent to 
work out a solution of the industrial problem. 
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The engineer m^t look upon himself as a trustee 
and cultivate a high sense of the importance of his 
duty—which is not a question of self-importance—to 
his superiors, his subordinates, and the public. Em¬ 
ployees must not be treated as machines or “ hands ** 
but as brother men engaged in improving the conditions 


of life and furthering the progress of mankind. There 
must be a spirit of real comradeship, which will have 
a high spiritual value and help to inspire the spirit of^ 
service in others. As has been well said, The greatest 
service a man can do is to carry out his daily work in 
a spirit of service tg God and man.'' 


SCOTTISH CENTRE: CHAIRMAN'S ADDRESS 

By Alexander Lindsay, Member. 

(Abstract of Address delivered at Glasgow, \lih November. 1924.1 


To-night, after some general remarks, I propose to 

refer more particularly to a matter of topical interest_ 

The Cultivation of, and Distribution for, tlie Domestic 
Load. In fact, to give it a slogan, let us have Elec¬ 
tricity for the Million.” 

Whenever we have a few quiet moments it is inter¬ 
esting to look back and record progress. In 1024, it 
is not interesting but instructive to look back and 
note the growth of Electrical Science, Electrical Industry 
and Electrical Institutions. 

Taldng the last-mentioned subject first, it is 63 years 
ago since the Society of Telegraph Engineers was 
formed with 66 members. In 1900, when my associa¬ 
tion with the Institution began, the total membership 
was 3 661 and Scotland accounted for 168. To-day the 
anembership of the Institution is 11 316, of which the 
Scottish Centre accounts for 662. These figures are a 
very striking commentary on the growth of the parent 
Institution during a single generation. Not only so, 
but the original name of ” Telegraph Engineers ” indi¬ 
cated the only real commercial use of electricity at 
that date. How shall we compare it with our present 
title of ” Electrical Engineers,” and witli the fact that 
the latest issue of a Trades Directory contains no 
fewer than 076 distinct trade headings, from which we 
may gather that there are just so many distinct or 
partially distinctive ramifications in the industry as at 
present constituted ? 

The importance to the community at large of the 
electrical.industry—and of this Institution in particular 
—has JSe» recognized by the highest authority in the 
land. We are qow incorporated by Royal Charter 
and thus enabled to use the designation of ” Chartered 
Electrical Engineer.” This is a privilege of which we 
may well be proud, both as individual members and as 
an Institution which is representative of tlie scientific' 
and technical development of the industry. With the 
privilege comes the added responsibility to maintain 
the Institution always in the forefront of progress and 
so malte its future history worthy of its past record and 
of the best traditions of our race. I 

• • • . 


The development of the electrical industry, looked 
at from the financial aspect, has been phenomenal 
during the years that the Institution has bceiH in 
existence. It is always difficult to ascertain exactly 
all the capital invested in any industry at any given 
tirp.e, but it is fairly safe to assume that it is propor¬ 
tionate to the amount invested in public companies. 
If we compare the figures for 1922-3 with those of 
1897 we find that tlie capital invested in'the latter 
year was only one-tenth of that in the former, the 
actual amounts in round figures being :— 

Total invested capital 

1867.£68 000 000 

1922-3 .£660 000 000 

These figures include supply, manufacturing and 
distributing concerns, and also include tlie loans 
authorized to municipal electric supply undertakings. 
In addition to tliis, tliere is the capital sunk in private 
businesses, which must amount to a very large sum in 
the aggregate. 

No figures seem to be available of the number 
employed in the electrical industry. It is computed 
—thougli I cannot vouch for its accuracy—that the 
number of workers directly engaged in electrical manu¬ 
facture and distribution is somewhere approaching 
260 000. This I can believe, as one manufacturing 
company alone numbers its employees in tens of 
tliousands. Truly this is an industry in which we 
ought all to feel a glow of pride, more especially as tliis 
development has taken place within our own lifetime 
and before our own eyes. 

The growth of electrical science has been even more 
strilcing and, in many ways, has a distinct suggestion 
of romauce. As I write I have before me a thin, 
tattered, old volume entitled, ” Lectures on Electricity, 
by James Ferguson, F.R.vS., a new edition, corrected!’ 
with an Appendix adapting the work to tlie present 
state of science,” by C, F. Partington, and it is dated 
1826. It was bought for a few coppers from an old 
book-baxrow in a Glasgow street, but its value to-day. 
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is not measured by its tattered cover, its faded pages, 
^or its actual cost. Vljt is a milestone on the march of 
progress, and its Hue drawings and quaint phraseology 
are at once incentive to us towards further endeavour, 
and a warning not to decry or belittle the day of small 
things. This little volume is devoted exclusively to 
(fi^criptions of apparatus for producing static electricity 
and to experiments which could be performed with 
*the gfebe, cylinder and plate machines. We learn, for 
instance, that 30 square feet of coated surface distributed 
over a number of " Leyden phials will " fuse the 
greater part of two feet of wire one-fiftieth of an inch 
in diameter.*' It is a very far cry from those small 
condensers to the large industrial condensers of to-day, 
for power factor improvement, which can deal with 
thousands of kilowatts. 

We need not go back 100 years, however, to discern 
the huge advances which we have made in scientific 
knowledge. The professor whose junior assistant I was 
at an early stage of my electrical career airily dismissed 
alternating currents from his lectures by the casual 
remark that there were one or two central stations 
giving such a supply, but it was only a fad which would 
soon die a natural death I He has long since crossed 
the^gfeat divide, but alternating-current supply is not 
yet dead; it is daily running more and more of the 
world's business and pleasures. 

The growth of scientific knowledge at once renders 
it necessary to provide greater facilities for study, and 
the way in which our technical colleges have expanded 
is ample evidence of the changes that have taken place 
during the past 30 years. Many of you can remember, 
as I do, when the technical institution of this city 


and many adjacent sites as^.^yeH* Its laboratories are 
fully equipped, not only with the finest measuring 
instalments, but with full-grown machinery and appa¬ 
ratus very unlike the toy gear we had to work with in 
our student days. * 

I sincerely hope that the youth of our city and neigh¬ 
bourhood appreciate the advantages that they^^ now 
enjoy, and that the result may be to incite them to 
keener study and a greater devotion to the cultivstaon 
of scientific research. 

When Glasgow Corporation took over from Muir, 
Mavor and Coulson the electric power station John- 
street, and so became electricity undertakers for the 
city, the largest single unit in use was one of 80 h.p., 
equivalent to 60 kW. That was in 1892 ; to-day the 
largest single unit in the Dalmamock power station is 
of 26 000 h.p., equivalent to 18 760 kW—another 
indication of the march of progress. 

The growth of the Clyde Valley Power Company has 
been just as striking. In the opening year, 1906-6, 
the largest unit was 2 000 kW; now this has given 
place to units of 21 000 kW. The total capacity of the 
plant in 1906-6 was only 4 000 kW; to-day it is 
87 600 kW, with a further 20 000 kW of steam plant 
and 15 000 kW of water-power plant on order. 

The total capacity of the Glasgow Corporation plant 
in 1892 was 270 kW, whilst now 160 850 kW is available. 
Just think of it for a moment—the original capacity 
multiplied 660 times in the space of 32 years. What 
will be the increase in the next 20 or 30 years ? JFrom 
the accompanying table it will be seen that the plant 
capacity has been trebled in the last 10 years, while 
the units generated have increased about 120 per cent. 


Growth of Glasgow Corporation Electric^ Supply Undertahing, 


Year 

Net capital expenditure, 
less depreciation 

Gross revenue 

Capacity of plant 
installed 

Units generated 

Coal per unit 
generated 


£ 

£ 

kW 



1893 

96 697 

7 784 

360 

408 629 


1904 

1 119 048 

168 190 


17 770 488 


1914 

2 466 782 

378 316 


92 286 963 


1924. 

7 068 472 

1 163 194 

160 860 

206 874 443 

1-89 


had to be housed in three different buildings, all 
inadequate. We had the College of Science and Art, 
38, Bath-street, and the Andersonian College, in George- 
street, and the overflow classes from both buildings 
were held in some of the rooms in Allan Glen's School. 
Some of us had to be in two places on the same evening. 
The class-rooms were cramped and badly lighted, the 
laboratory accommodation was extremely limited, and 
the apparatus was excessively crude compared with 
present-day standards. In spite of, or perhaps because 
of these disadvantages, there was a keen body of students 
who put heart and soul into their work and studies. 
Many names which are now well Imown and looked up 
to in their respective spheres were inscribed on the roll 
of students in those days. Times have changed and 
the magnificent building which now houses the Royal 
Technical College covers the site of the old Andefsoniah 


This table is iuteresting in another respect. The 
last column gives the number of pounds of coal con¬ 
sumed per unit generated. In 1893 it required 20 • 23 lb. 
to produce a unit of electricity at the switchboard. 
To-day this figure has been reduced to 1 • 89 lb., less than 
one-tenth of the amount used 30 years ago. 

We seem now to be approaching the limit of reijction 
in fuel consumption, as an increase in the number of 
units generated gives us only a fractional advantage, 
and I fear, therefore, that we can look for cheaper 
electricity only when we have discovered some more 
revolutionary method of producing it. This brings me 
to a matter of immediate and materi^ intei^t to us all: 
How to increase and develop the donaestic load ? 

I remember quite well a period, not so long ago, when 
the Electricity Department discouraged the use of 
electric heating ^d cooking ^pliances in private 
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houses. That was-a pagsiug phase due to overloaded 
mains and out-of-date distribution. The provision of 
high-tension feeder cables and district substations 
paved the way for a campaign to increase the domestic 
‘load. For some years now a good deal of encourage¬ 
ment has be«n given to the use of heating and cooking 
appliances, and yet we have only touched the fringe 
of the possible business to be done. Not only is there 
a hdating and cooking load to be worked up, but there 
is an even greater lighting load absolutely untouched, 
awaiting development. It is calculated that there are 
more ihan 8 million houses in Britain without electric 
light, equivalent to an annual load valued at £49 000 000, 
and each of these houses when once supplied with 
current is a potential user of heating and cooking gear 
as well as light. 

I think that it is wise, therefore, to consider why 
the results so far obtained have been so meagre, 
compared with the energy expended in advertising, 
canvassing and demonstrating. There would seem to 
be several reasons for this state of affairs:— 

(1) The installation cost has scared off a great many 

likely users. 

(2) The first cost of cooking appliances is high, 

much higher than that of corresponding gas- 
heated devices. 

(3) The cost of electrical energy is still in many cases 

too high. 

(4^ The method of charging for energy supplied is 
often too complex for tlie comprehension of the 
average consumer. 

As there is no intention in this address to go deeply 
into detail I shall content myself with a few generi 
observations on these points. 

(1) Installation costs .—In a city such as ours, where 
the great majority of the possible users are resident 
only in rented premises, the question of the cost of an 
installation assumes an importance altogether out of 
propprtion to its intrinsic importance. Whenever 
electric wiring is installed in a house or shop or office, 
it at once becomes automatically part of the building 
and, as such, passes out of the ownership of the occupier 
who has the use of it only during his tenancy. Con¬ 
sequently, costs which may be quite reasonable in 
themselves assume an entirely different aspect when 
looked at from the point of view of a tenant with 
uncertain tenancy. The introduction of electric lighting 
into •any premises enhances their value, and it seems 
unreasonable that the outgoing tenant should not be 
recompensed by the proprietor for such an obvious 
iinproygment. If the tenant farmer finds it necessary 
to build aT dyke round his piggery he can claim against 
his landlord for •this improvement, while for a similar 
case the city dweller may not—either an injustice to 
the latter or a gratuitous pampering of the former. 

The scheme recently introduced by Glasgow Cor¬ 
poration, whereby the proprietors and tenants (with 
the backing^fihe,Electricity Department) share in the 
cost of installation, appears to be a step in the right 
direction. Here, the proprietor pays for- the maiu 
cabling, whilst the tenant pays by instalments for the 
wiring of his own hpuse. It is m|inifestly unfair to 


ask the tenant on the third floor of a tenement to pay 
for mains from the street-level; tjiat is the proprietor's 
duty, and his alone. Personally I am of opinion that^ 
he should also pay at least a proportion of the cost of 
the internal wiring. He gets that extra value added 
to his property and* I can see no reason why a property 
owner should receive presents of this nature. Thfe 
Glasgow scheme has now been in operation for three 
months and the results to date have been suffici&nt to’ 
warrant confidence in its success. 

(2) Cost of apparatus .—the very nature of 
electrical appliances, compared with gas cookers and 
heaters, there must be a great difference in first cost, 
and it is our duty frankly to acknowledge such a basic 
fact. Our contention should be that the convenience, 
comfort, cleanliness, economy and safety of the electrical 
apparatus so far exceed those of the rival gear that 
the extra expenditure is full}*' warranted and will be 
repaid with interest during the useful life of the 
appliances. I am pleased to notice that the cost of 
good-quality gear is steadily decreasing. Increased 
production due to increased demand, coupled with 
standardization and simplification of design, should 
lead to further reductions, and I hope that we may 
soon see an electric cooker placed on the market /^t a 
price within reach of the proverbial million." 

Our Electricity Department within recent years 
organized a very popular hire system. It is possible to 
have various opinions on this method of creating 
increased demand for energy. If the cost of upkeep of 
the apparatus, added to the interest on invested capital 
and a proper amount for depreciation, can all be covered 
by the annual hire pa 3 mient, then everything is all 
right. On the other hand, if such is not the case and 
the hiring results in a loss which is made up by the 
price charged for the current, then this method is 
wrong. There is no reason whatever why one person 
should be given a too cheap electric cooker service 
while every other user of current has to make up the 
loss involved in doing so. 

The hiring scheme in Glasgow has been a great success 
and has exceeded all expectations. There are now 
approximately 1 100 electric cookers and 3 600 radiators 
let out on hire to consumers on the system. 

(3) The cost of energy .—This is a very large subject 
and a most vexatious one to deal with, for it at once 
introduces complicated factors in connection with not 
only the generation but also the distribution and use 
of electrical energy. 

The increase in the size of generating units has resulted 
in a decrease in the generating costs, and the figures 
in the table already referred to, showing the number 
of pounds of . coal per unit generated in the Glasgow 
stations, is instructive, as showing the economies effected 
during the last few 3 »^ears. In this connection it is of 
interest to note that the Report of the Electricity 
Commissioners places the Glasgow stations at the head 
of their list for thermal efficiency, and the Clyde Valley 
figures are not far behind. 

High-tension distribution to local substations fl*om 
which there radiates a compact system of distributors 
is reducing the losses in that part of the system. It 
would appear, however, that the cost of distribution 
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is still too high, being much in excess of the cost of 
^generation, and sup^jr engineers will have to concentrate 
their efforts in etfecting reductions in this direction. 

No supply undertaking is, however, capable of con¬ 
trolling the manner in whi^h the energy is used by the 
consumer. This is where the conti^ctor can do a lot 
•f useful work. By planning an educational campaign 
for the benefit of Ms clients, by instructing them as to 
•the iflost economical lamps and apparatus to use and 
how to get the best results at the least expenditure, 
their bills will be rediTced, with the ultimate result 
that the same people wh« now grumble at their elec¬ 
tricity bills will install more consuming devices, because 
they will realize that tfaey are getting efficient apparatus 
and good value for their money. 

In this work the contractor might get a good deal 
of assistance from the British Electrical Development 
Association, which issues literature intended primarily 
for the consumer's education. The fact that we now 
have such an organization is a further sign of progress. 
To make this body of greater service to the industry 
as a whole, it is obvious that it needs the whole-hearted 
support of the supply, manufacturing and contracting 
interests. A very fine exMbit at Wembley Exhibition 
arranged and controlled by the Association must have 
brought home to milUous the convenience, utility and 
comfort of electric light and power. 

The cost of energy to the consumer is not merely the 
rate per unit charged by the supply undertaking, but 
is also the cost to him of inefficient apparatus and faulty 
use. It would pay both the suppliers and the contractors 
to reduce this cost as far as possible, for a satisfied 
customer is the very best advertisement which it is 
possible to have. 

(4) System of chargings —Th e varied and, in many cases, 
complicated systems in use for charging for f}ie supply 
of electrical energy have certainly not done anything 
to popularize the use of electricity, and I am very 
pleased to see that there is now a decided tendency to 
l^ve mathematical methods severely alone and give a 
simple straightforward tariff. 

For^ domestic supply, while the maximum-demand 
tariff is still used by both the large supply authorities 
in our area, they are now giving an alternative rental 
method wMch involves a flat rate for all units recorded 
on the meter. This rental system consists of two 
parts: (1) a fixed annual charge and (2) a flat rate 
per unit as recorded on the meter. In one instance, 
for example, the fixed annual charge is based on the size 
of the house, being 20s. per room ; and in another tlie 
fixed charge is equal to approximately one-eighth of 
the house rent. The flat rates per xinit vary from 
|d. to Jd. per unit recorded on the meter. 

A comparison of two typical residential areas shows 


that where the maximum-d^and tariff is in operation 
the average price per unit is 3-Id. and the average 
income per consumer is £6 Is. 6d., whilst where the 
rental tariff is in use the average rate per unit is only 
1 * 39d., but the income per consumer is on the average 
about £14. ^ 

Many consumers who use electricity for cooking and 
heating throughout get their supply for much less than 
this figure, the rate per unit in some cases falling as low 
as 0‘915d. Figures such as these would suggest that 
a simple understandable method of charging will assist 
in raising the domestic demand to a much higher level 
than the station engineer has yet conceived. TMs new 
era will not arrive, however, unless we work for it. 

As a contractor, I would address a few words especially 
to the contractor members of the Institution. The 
association between the contractors and the Institution 
.should be closer than it is at present. The Institution 
is democratic, and as such welcomes the contractor as 
a member, and he should take his place and make his 
presence and interest felt. For many reasons the 
Institution is well worthy of all the support the con¬ 
tractors can give it. To instance two or three only: 
There is the National Scheme of Registration, and the 
issue of Wiring Regulations for the Electrical Equip¬ 
ment of Sliips and also Buildings. 

For years a Committee of the Institution studied 
and discussed the registration question, and finally 
evolved the scheme now in force, a scheme wMch is 
attracting the contractor in increasing numbei^ and 
which is undoubtedly raising his status. 

The Institution Wiring Rules issued many years ago 
have now been re-drafted and their scope widened, 
and they are now termed Regulations for the Electrical 
Equipment of Buildings. The present issue is the 
Eighth, dated June 1924. This is good work for the 
community and for the contractor. Some are inclined 
to suggest that we have too many regulations and too 
many laws, but just as the honest man can walk without 
fear of the law so the honest contractor has no quarrel 
with regulations designed for the good of tlie industrjr. 

I think that, for these reasons alone, the contractor 
should support the Institution to the utmost. 

Now to drive home a moral. We all look forward to 
the time when electric cookers, radiators, vacuum 
cleaners and so on will be as plentiful and common¬ 
place as autumn leaves in the forest. ^ATiat are we doing 
to help ? How many in this room have their meals 
cooked electrically at home? How many radiators 
have you ? Is your electric lighting carried out on 
modern scientific lines ? If we do not set tlie example 
ourselves, how can we expect others to do what ^ve 
merely advise ? It is, therefore, most essential'^^at we 
should first set the example, so that others may follow. 
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By T. R. Smith, Member. 

“ THE NEW LEICESTER CENTRAL GENERATING STATION.” 

(Address delivered at Loughborough, 1th October, 192i.) 


It has been a matter of some concern to me to select 
.a suitable subject for my address, but I feel that perhaps 
I cannot do better than give some particulars of the 
new Leicester central generating station, the design and 
construction of which has been my principal task during 
the past three years. 

The station is still in course of construction, but I 
propose that my remarks shall fall into three distinct 
sections, as follows :— 

(1) A general description of the work at present in 

hand, or completed. 

(2) Particulars of the general performance of that 

portion of the plant which is at present in 

operation, 

(3) Some discussion of tlie lines on which the future 

development of the station may take place. 

(1) General Description of Work in Hand, 

OR Completed, 

The Leicester central generating station was designed 
for an ultimate plant capacity of 65 000 kW. 

Site .—This is adjacent to the River Soar, the subsoil 
consisting of gravel and marl with a layer of shale at 
a depth of 9 ft. capable of carrying the foundations 
of plant and buildings. 

The river widens out into two large basins opposite 
the site, separated by a weir 500 ft, in length. In 
time of dry weather circulating water is drawn from 
the lower basin and discliarged above the weir, but 
when there is a large quantity of water coming down 
the river the water is returned to the lower basin. 

, The London Midland and Scottish Railway runs along 
the southern boundary of the site and coal can therefore 
be delivered by either rail or barge. 

Buildings .—The portions at present erected are No, 1 
boiler* house, the turbine room and annex to a point 
between Nos. 2 and 3 turbines and a portion of the 
e.h.t. switch-house. The whole of the buildings, with 
the ex(jpption of the e,h.t. switch-house, are of steel- 
fraineck construction, the concrete foundations for the 
stanchions extending down to the shale. 

The turbine house is 159 ft. long and 42 ft. in span 
l^ctween the Oran'S rails, the basement floor being at the 
site, level and the turbine jQloor and the eaves of the 
turbine room being respectively 20 ft. and 46 ft. above 
• the basement floor,. The annex to the turbine room is 
19-5 ft, wide and has four floors, viz. the workshop 
floor, the low-tension control-room floor, the high- 
tension control-room floor, and the tank-room floor. 

The circulating-purqp chambers ai^join the turbine 


•room annex; they are 15*26 ft. below the basement 
level and the pumps are totally infhaersed at all times. 

The boiler house is 152*5 ft, long by 87*75 ft. wide, 
the basement being at the same level as that of the 
turbine room. The basement contains the forced- 
draught fans and duct, the stoker motors with reduction 
and driving gear, and is so arranged that special ash 
wagons of 4 ft. 8| in. gauge can be run in directly 
beneath the boiler ash hoppers. 

The firing floor is 12 ft. above the basement and 
carries the induced-draught fans in addition to the 
boilers. The coal supply to the boilers is taken from 
steel bunkers, the total bunker capacity being 1 000 tens. 

The high-tension switch-house is 133*5 ft. long by 
24 ft. wide. The ground floor accommodates concrete 
cubicles which house the oil switches, the feeder isolators, 
the instrument and protective transformers and the 
current-limiting reactances. The first floor, which is 
12* 5 ft. above the ground, contains the busbar chambers 
with busbar isolators. 

A cable tunnel 7 ft. deep by 8*5 ft. wide runs the 
entire length of the switch-house and is continued into 
the main turbine room. 

CoaUhandling plant .—^The bulk of the coal used is 
delivered by rail into tlie sidings on the bank at the 
southern side of the site. Trucks are weighed and 
drawn by locomotive or capstan into the tippler on the 
emba nkm ent. The tippler, which has automatic clamp¬ 
ing gear, discharges the coal on to the long conveyer. 
The coal is then either moved to the overhead bunkers 
by means of cross-conveyer and skip hoist or placed on 
the storage heaps by means of the small movable dis¬ 
tributing conveyer, which can be moved to any position 
throughout the len^h of the long conveyer. 

The conveyers consist of rubber belts running on 
ball-bearing idlers, are driven by back-geared three- 
phase motors at a speed of 360 ft. per minute and are 
capable of handling 120 tons of coal per hour. The 
skip hoist has a similar capacity to the conveyers and 
is entirely automatic. A 3-ton grab on an electric level 
lufiing travelling crane is used for reclaiming coal from 
the storage heap. The reclaimed coal is placed into 
a movable hopper which feeds it on to the long conveyer,, 
from whence it passes up to the bunkers via the cross- 
conveyer and skip hoist. 

Ash plant .—The ashes are discharged over the ends 
of the chain-grate stokers into steel-framed ash hoppers, 
where they are quenched by water sprinklers fi.xed in 
the upper portion of the hoppers. The hoppers dis¬ 
charge by means of sliding valves into special ash wagons 
in the basement. 
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Boilers ,—^The boiler house contains eight steel-cased 
^ boilers, four Babcoidfe boilers and four Spearing boilers. 

The Babcock boilers are of the well-known cross¬ 
drum, marine type, with^ integral superheaters, and 
** tritube * superposed cast-iron economizers. The heat¬ 
ing surfaces of the boiler, superheaiker and economizer 
tre respectively 6 948 sq. ft., 2 368 sq. ft. and 4 436 sq. ft. 
^ Each Babcock boiler is equipped with three Babcock 
chain-grate stokers 16 ft. long by 6 ft. 6 in. wide, giving 
a total grate area of 312 sq. ft. per boiler. Each stoker 
chain is driven by a worm, four-speed gear-box and chain 
frqm a shaft running the eiftdre length of the boiler-house 
basement. The shaft is divided by dog clutches into 
four sections which call be coupled together at will, and 
each section of shafting is coupled by Tnf»a.n.g of a 
and worm reduction gear to a 6-h.p. motor running at 
950 r.p,m. Six stokers may be driven by any one motor. 
The forced-draught fans, three in number, are situated 
in the basement and discharge into a common duct 
running the length of the boiler house. Three 40-h.p. 
motors running at 360 r.p.m, are direct-coupled to the 
three forced-draught fans, and any two fans are capable 
of supplying the needs of all four boilers. An induced- 
draught fan driven by a 46-h.p. motor at 410 r.p.m. is 
for each boiler on the hring floor level, and 
is capable of dealing with the gases from one boiler 
only. The Babcock boiler plant is designed for a duty 
of 45 000 lb. of steam per hour per boiler, at 275 lb. per 
sq. in. (gauge) and 700° F. total temperature, with feed 
at 180° F. and coal of 8 000 B.Th.U. (lower net calorific 
value as fixed), The coal most generally fired gives on 
test the following results :— 


.Lower net cal. value (212° F. 

exit temp.) .. .. = g 330 B.Th.U./lb. 

Total moisture, per cent ,. =: 13»7 
Volatile (as fired), per cent =29*0 
Ash (as fired), per cent ^. = 16- 7 

and with this fuel the above duty is easily obtained. 

The Spearing boilers are at present in course of erec¬ 
tion and are of the double-drum type with special 
downcominer pipes. Integral superheaters and super¬ 
posed "tritube’* cast-iron economizers are embodied. 
The heating surfaces of boiler, superheater and econo¬ 
mizer are respectively 7 690 sq. ft., 2 300 sq.ft, and 
5 200 sq, ft. These boilers are rated similarly to the 
Babcock boilers -and the general arrangement of their 
auxiliaries is somewhat on the lines adopted for the 
Babcock boilers, with the exception of the stokers and 
forced-draught fans. The stokers axe of the Illinois 
type, and one stoker 16 ft. long by 18-6 ft. wide is 
provided for each boiler. These stokers are driven by 
a worm gear-box and chain from a shaft in the base¬ 
ment, as in the case of the stokers previously described 
A forced-draught f^ driven by a 32-h.p. motor at 
410 r.p.m. delivers air into two wind-boxes one ofi either 
side of the stoker, from whence the air passes through 
dampered openings into eight compartments running 
transversely beneath the stoker chain. This arrange¬ 
ment enables the quantity of air passing through the 
grate over any compartment to be adjusted according 
to the requirements of the fire bed at that point, and 


results in a better COg figure than can be obtained with 
the non-compartmented type of stoker. 

Steam ranges ,—Each line of four boilers feeds into a 
separate receiver, the two receivers being interconnected 
by a 12-in. pipe. The steam range connecting with the 
Spearing boilers has been carried overhead in order to 
secure the maximum flexibility and thereby to reduce 
temperature stresses to a minimum. It is hoped that 
this will possess marked advantages over the earlier 
range which is situated in the basement. 

Feed-ranges ,—^These are constructed of cast-iron pipe 
with steel bends. The arrangement enables either set 
of boilers to be supplied from either the steam or electric 
feed pumps. A master Venturi meter measures the. 
total feed supplied to either of the two main feed- 
ranges, and Venturi meters are also placed between 
individual boilers and the range. The feed to all the 
boilers is controlled by automatic regulators. The 
whole of the make-up feed water is taken from an 
evaporator, and the arrangement of the feed system has 
proved most satisfactory. 

Turbine plant ,—There are two main turbo-alternators 
and one small turbo-alternator for house-service pur¬ 
poses. No. 1 turbo-alternator has a maximum con¬ 
tinuous output of 10 000 kW at 1 600 r.p.m., witli an 
overload capacity of 26 per cent for two hours. 

The terminal conditions of this machine are as follows ; 




No. of phases 
Frequency .. 

Steam pressure 
Steam temperature 
Vacuum 

Circulating water inlet temp., 66° F. 
Circulating water outlet temp., 78° F. 


. 3 

. 60 periods per second 
. 260 lb. per sq. in. (gauge) 

. 700° F. 

28-7 in. (bar. 30 in.) 


With these terminal conditions ■(he machine consumes 
10*6 lb. of steam per kWh at full load, exclusive of the 
steam consumed by the ejectors. The turbine is cf the 
impulse t 3 q)e having 10 pressure stages and two velocity 
stages in the first pressure stage. The nozzles of the 
first pressure stage are divided into three groups, each 
group being controlled by an automatic valve, the nozzle 
area being varied to suit the load conditions. A surface 
heater takes steam from a point immediately in front 
of the sixth stage of the turbine, heating the main 
condensate as described later. 

The alternator is of the usual type with a closed air 
circuit and air cooler. The rotor is a solid steel forging 
carrying fans at either end. The exciter is carried on 
an extension of the main bedplate and is from 

the end of the alternator shaft by means of a pin coupling. 

The condenser, which is supported on springs, is 
bolted direct to the turbine exhaust flange and has a 
total cooling surface of 17 760 sq. ft. "^DupHcate plant 
is provided for extracting the air, either by steam-jet 
ejectors or a rotary kinetic air pump. The pumps for 
extracting the condensate are also in- duplicate. 

No. 2 turbo-alternator has a maximum continuous 
rating of 12 600 kW at 3 000 r.p.m., with no overload 
guarantees. The terminal conditions under which this 
machine operates rare exactly ^l^e same as those for 
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No. 1 turbo-alternator, and* under these conditions the 
full-load steam consumption is 10-72 lb. per kWh, and 
at a load of 10 000 kW the consumption is 10-37 lb. 
per kWh. 

This turbine is of the impulse type with 7 pressure 
stages, a haifd-operated valve being arranged to by¬ 
pass the first wheel on overload. The alternator for 
this machine is of the two-pole t 3 ^e with the exciter 
armature carried on an extension of the shaft over¬ 
hung from the outboard bearing. 

In design and construction this machine is very 
similar to No. 1 alternator. The condenser has a total 
cooling surface of 17 800 sq. ft. and is supported and 
coimected to the turbine exhaust in a similar manner to 
No. X condenser. 

The air-extraction plant and the condensate-extrac¬ 
tion pumps are both in duplicate, the air extraction 
being carried out entirely by steam ejectors. 

Condensate and feed heating systems, —The condensate 
from both main generating sets unites into a common 
stream after it has passed through the Venturi tubes, 
flowing through the surface heater of the house-service 
set and the bleeder heater of No. 1 main set direct to 
the boiler feed pumps. 

The surface heater utilizing the exhaust of the house- 
service set and the heater utilizing bled steam from 
No. 1 main set can be by-passed. The condensed 
steam from the house-service set is extracted by means 
of a small pump which feeds it into a drip tank. The 
drip t8.nk also serves as a collecting tank for all clean- 
water drains in the station. The contents of the drip 
tank are returned to the main condensate stream by 
means of a small pump. No hotwells are provided, any 
inequalities in the rates of flow through the feed pumps 
and the extraction pumps being balanced by a surge 
tank in the annex. The surge tank also gives storage 
capacity and receives any malre-up that is necessary 
from the evaporated-water storage tank, which is also 
in the annex. It is to be noted that complete control 
of th# feed temperature is obtained by varying the 
load on the house-service set, or by varying the amount 
of steam bled from No. 1 main turbine. 

Circulating water system, —^Water may be taken in at 
two points below the weir and discharged above the 
. weir, or in times of flood it may be both taken 
in and discharged below the weir. Two motor- 
driven circulating pumps in chambers adjacent to the 
turbine room annex supply water to each main con¬ 
denser! They are totally immersed at all seasons and 
each pump is capable of supplying half the amount of 
water required by the condenser when on full duty. 

DrivemC^ auxiliaries. —^With the exception of the feed 
pumps,*all the auxiliaries are electrically driven from 
a three-phase, 60-'X)eriod supply at 416 volts. Energy 
for driving the auxiliaries is obtained either from the 
house-service set ^ of 600 kW capacity or from two 
1 000-kVA transformers, stepping down from 6 600 volts 
to 416 volts. ^ 

• The house-service*»set is usually in parallel with thg^ 
auxiliary transformers and operates at a«vacuum vary¬ 
ing from 10 to 23 in., according to the load on the main 
sets, but in cases of emergency the house-service set is 
used exhausting^ direct *q;atmosphere.e 


Feed pumps, —^There are four boiler feed-pumps, each 
pump being capable of delivering 2^ 500 gallons of water 
per hour against a pressure of 320 lb. per sq. in. The 
temperature at the feed-puunp suctions is normall 5 ^ 
180® F. and there is a pressure head of 23 ft. on the 
suction side. Two^of the pumps are steam-turbine- 
driven and two are driven by 136-h.p. electric motors. 
The turbines of the steam pumps are arranged to exhaust 
into the surface heater of the house-service set. 

Main e.h.t, switchgear ,—The,^tation will eventually 
have four main sections of e.h.t. busbars with a reserve 
busbar and a set of reactance fie-bars. At present the^re 
are two main sections of busbars, with reserve bars and 
reactance tie-bars. It is possible^to connect the main 
busbar sections directly together by means of a section 
switch, or to connect them together through reactances 
and the tie-bars. It is also possible to connect either 
of the main busbar sections in a similar manner to the 
reserve busbars. By suitable arrangement of the 
isolating switches it is possible to connect a generator 
or feeder to either the main busbar section or the 
reserve busbars. Each of the main oil switches has a 
rupturing capacity of 600 000 kVA, and the reactances 
are so proportioned that the worst fault will give a 
short-circuit current within the rupturing capacity“^of 
the oil switches. 

(2) General Performance. 

The performance of the station under normal con¬ 
ditions for the period 8th September to 22nd September, 
1924, is given below. 


Period under observation'*.. 

336 hours 

Steam pressure 

251 lb. per sq. in. (gauge) 

Steam temperature 

692® F. 

Vacuum (bar. 30 in.) 

28*4 in. 

Temperature of feed water 

168® F. 

Total heat of steam from 
feed temperature 

1 223 B.Th.U./lb. 

Coal, 

Calorifi.c value of dried 
sample 

11 304 B.Th,U./lb. 

Lower net calorific value 
(212® F. exit temperature) 

9 300 B.Th.U.Ab. 

Moisture 

13*26 per cent 

Volatile (as fired) .. 

29 • 07 per cent 

Ash (as :^ed) 

16*66 per cent 

Evaporation. 

Weight of coal consumed ., 

1 608*4 tons 

Weight of water evaporated 

21 679 800 lb. 

Weight of ash made 

246*3 tons 

Weight of water evaporated 
per lb. of coal 

6*02 lb. 

Boiler efl&ciency based on 
lower net calorific value.. 

79*2 per cent 

Boiler e£&ciency based on 
coal of 9 860 B.Th.U./lb. 

74* 7 per cent 

Station output. 


Units generated 

1 661 300 

Units sent out 

1 476 020 
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Units used on works ,, 
r Maximum generatoirload . • 

Weight of coal per unit 
generated ... .c. 

Weight of coal per unit sent 

^ out . 

Overall station efficiency 
^ ba^ed on units sent out 
and lower net calorific 
value .. .. ^ 

Overall station efficiency 
••based on units sent d?it 
and coal of 9 S50 B.Th.U. 

The plant in service during the period under obser¬ 
vation consisted of No. 1 turbo-generator (normal 
rating 10 000 kW), and three Babcock boilers each 
rated normally at 46 000 lb, evaporation per hour from 
feed at 180® F, to steam at 275 lb. p^r sq. in. (gauge) 
and 700° F. total temperature. 


76 280 
10 800 kW 

2-321b. 

2-44fb. 


16*0 per cent 


14*2 per cent 


Coal line, —^Fig. 1 connedtff the coal used during any 
8-hour shift with the units generated. The equation 
of this curve is (7 = 24 600 + 1-616 Kg, and therefore 

„ 24 600 

K = —-1- 1-615 ^ 

J^g 

where C = weight of coal in lb. per 8-hour shift, , 

Kg =5 units generated per 8-hour sliift, and 
E = coal consumption per unit generated (aver¬ 
age). 

Q- 

From these equations, or from the curve, it is possible 
to predict the coal consumption per shift for any elec¬ 
trical output, and it wiU be noticed that the constant 
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Fig. 1.—^Coal line. 
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The plant had been in commercial service for a period 
of 22 months when the readings were taken, and during 
the period under observation it was operated under 
normal station conditions. It should be noted that no 
special boiler-cleaning had taken place before the test. 

Special note should be taken of the coal used. This 
is a line slack of inferior quality, the moisture, volatile 
and a^ contents being high, while the carbon content 
is particularly low. 

In order to facilitate comparisons between the per- 
fomance of this station and others worldng under 
different conditions of load factor the results have been 
Parsons lines based on coal at 
10 000 B.Th,U. per lb, lower net calorific value (212° F. 
exit ^^perature). Fig, 1 shows the coal line per shift, 
^^d Fig. 2 the steam Ime per shift, while Fig, 3 shows 
the evaporation line. 


Fig. 2.—Steam line. 

5 = 120000-f 10-76 ,2:^. 
where S =» lb. of steam per shift; 

rs units generated per shift. 

24 600 represents the weight of coal in lb. required to 
keep the station running at no load. It is seqn that 
I‘SIS lb. of coal per unit generated corresponds to the 
limiting thermal efB.ciency of the station, which would 
theoretically be 22-5 per cent. The actual overall 
thermal efficiency on full load is 18-76 per 
Steam line. —Fig. 2 shows the steam consumption 
during any 8-hour shift, plotted against the units 
generated. The equation of this cur?^e is == 120 000 


10-76 
from which 


U = 


120 000 

K. 


+ 10*76 


where S == total steam consumption in lb. per shift, 

U =5 steam consumption in lb. per unit generated 
and 

Kg = number of units gendlated. 
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The quantity S includes ^lie steam used by the boiler 
feed-pumps, two battery storage locomotives used in 
connection with die coal and ash plant, and steam used 
for heating offices, mess rooms, etc. The constant of 
120 000 lb. represents the amount of steam which must 
be generated tiuring every 8-hour shift in order to keep 
the st8.tion running on no load. The figure of 10*75 lb. 
is the limiting steam consumption of the station. This 
would be reached when the output had reached such 
magnitude as to render the no-load losses insignificant. 
This is equivalent to a limiting thermodynamic efficiency 
of 72 * 4 per cent. 

Evaporation line (Fig. 3).—From the foregoing 
equations it follows that 


<7 = 7 730 + 0*141/S 
6' = 7*1(7 — 54 800 


^ 7*1 - 


54 800 
Q 


where E = evaporation in lb. of steam per lb. of coal, 
S =; steam generated per 8-hour shift, and 
C = coal consumed per 8diour shift. 


The constant 7 730 is tlie weight of coal in pounds 
required to maintain the boilers at full pressure when 



Fig. 3.—^Evaporation line, 
c « 7 700-.0*141 Sf 

wliere C * lb. of coal per shift (10 000 B.Th.TJ. lower net calorific value) • 
8 *» steam per shift. ' 


^ • 

the station is at no load—in other words the banking 
loss—and by subtracting this quantity from 24 600 the 
constant no-load heat loss of the turbine room is 
obtain^? Jt is therefore seen that the boiler-house 
no-loadrheat loss is equivalent to 3*45 tons of coal per 
shift and the turbilie-room no-load heat loss to 7 * 55 tons 
of coal per 8-hour^shift. 

The limiting boiler-house efficiency corresponds to 
7*1 lb. of steam per lb. of coal, or 86*9 per cent. It 
is felt that tt^s performance is fairly creditable having 
regard ‘to the loV-grade fuel used. During the period 
under review the lower net calorific value varied between 
limits of 8 750 B.Th.U. and 9 820 B.Th.U., the ash (as 
fired) between 13 per cent and 21*3 per cent and the 
moisture between ll* 4p«r^cent and 1<^* 9 per cent. 

VoL., 63. 


Considerable trouble was experienced when the 
station was first put into cbmmistsion, due to lack of 
unifonnity of the fire bed, the nuts and peas tending 
to separate from the fine coai. After much experiment 
with baffies in the coal chutes from the bunkers this 
trouble was practically eliminated. Our next trouble 
was a tendency of the fire to bum thin down one side* 
of each grate, greatly upsetting our CO^ figures. ^This 
has recently been remedied by a special arrangement of 
baffiing in tlie ash pits; this produced an immediate 
inprovement of 1|^ per cent in the COg figures. We are 
at present experimenting witfi varying designs of arcii 
and .1 have every hope tliat we shall be able to show an 
improvement on our present boifer-house efficiency in 
the course of a few months. 

When non-compartmented stokers are used to burn 
a coal of high moisture and ash content, great difficulty 
is experienced in burning out the ash with a reasonable 
amount of excess air. This is our great difficulty with 
the present Babcock stokers and we find it necessary 
to take ash samples for each shift with as much care as 
we expend on coal sampling, keeping careful watcli oji 
the percentage of unburnt carbon in the ash. 

The boilers nearing completion are equipped with 
compartmented stokers and it is hoped that we sh^l 
have much less trouble in dealing with low-grade fuel 
on them. 


(3) Future Development. 

In order to l'>rmg the station up to its ultimate 
capacity there still remain three 15 000-kW generating 
units and another boiler house of equal capacity to the 
existing house to be installed, together with switchgear 
and auxiliaries. The switchgear is bound to follow the 
scheme which has been prepared, of which the present 
gear forms a part. It can also be predicted with cer¬ 
tainty that all the auxiliaries will be electrically driven, 
thus leaving greater possibilities in regard to bleeding 
the inain units for feed-heating purposes. The main 
16 000-kW turbo-generators will operate at 3 000 r.p.m. 
and, though there would be an increase in the available 
heat-drop and therefore in the limiting station thermal 
efficiency due to an increase in boiler pressure, I am 
inclined to think tliat it will be necessary to retain 
our present pressure in tlie interests of flexibility. 

I also feel that the present steam temperature of 
700® F. cannot be exceeded without involving serious 
maintenance costs. 

We shall do as much bleeding from the main sets as 
possible, but the amount of bleeding will depend very 
much on the policy adopted in the boiler house. The 
boiler house presents an absorbing problem. The rate 
of advance in the design of steam-raising plant is greater 
now than at any previous period and we have to con¬ 
sider the claims of low-temperature carbonization with 
hy-product recovery of pulverized fuel, and mecdianical 
stokers. Our particular circumstances will, I think, . 
enable us to dismiss the former and turn our attention 
to the rival claims of pulverized fuel and stokers. The 
problem is simply which of these two systems will 
economically give us the higher percentage of CO 2 , the 
lower flue-gas temperature and the lower ash pit" loss, 
with a given feed temperature. From past experience, * 
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I am inclined to think that my next boiler specification 
will not call for a& efficiency guarantee. I shall ask 
for a guarantee as to COg, flue-gas temperature and 
unburnt carbon in the ashc with fuel of a given ultimate 
analysis and feed at a stated temperature. These figures 
^ govern the chief losses and are easily obtainable. 

• With the present pressure the temperature of the 
gas^ leaving the boilers is more or less fixed at, approxi¬ 
mately, 660® F. for both pulverized-fuel and stoker 
plant, and in both c^ses some method of securing a 
reduction of' this temperature has to be devised. At 
present, the usual practiSe in this country is to provide 
extra cooling surface in the form of economizers through 
which the feed water is pumped. With economizers it 
is economically possible to get the gases down to 376® F., 
thereby reducing the chimney loss to approximately 
14*2 per cent with the feed temperature about 160® F. 
If the temperature of the feed is increased the efficiency 
of the economizer is reduced, and it will be seen that 
the use of economizers places a limit on tlie amount of 
bleeding that can be done from the main turbine. 

There are two great streams of waste heat from a 
power station, viz. the heat wasted up the chimney 
and the heat wasted in the circulating water, and we 
cSn only hope for any considerable improvement in 
efficiency by absorbing heat from these two streams. 
The only way of recovering heat from the circulating- 
water stream is by bleeding the main turbine as much 
as possible. This therefore causes us to look for means 
other than the economizer for reducing the temperature 
of the gases after they leave the boiler, and it at once 
becomes apparent that an efficient system of extracting 
the heat from the fiue gaSes and imparting it to the 
air entering the furnace is extremely desirable. There 
are various practical difficulties in the design of air 
heaters, but it is possible theoretically to design a heater 
which would reduce the flue gas temperature to 376® F., 
thereby obtaining a boUer efficiency equal to that 
obtained with economizers. 

Turning now to the effects of bleeding the main 
turbine, and assuming the turbine to be bled at one 
point .only, the thermodynamic efficiency being 76 per 
cent, it Can be shown that the heat-conversion coefficients 
of the plant with feed heated to 160® F. and 330® F. are 
0*361 and 0*3706 respectively. The plant witli feed 
heated to 330® F. would therefore consume approxi¬ 
mately 6^ per cent less coal than the plant with feed 


at 160® F., provided always ^at the flue-gas tempera¬ 
ture attained with the air heaters was as low as that 
attained with economizers. It can therefore be taken 
for granted that if air heaters are a practical proposi¬ 
tion when the next boiler extension takes place, we 
shall certainly install them with extensie^e bleeding of 
tiie main turbines. The bleeder heaters will oftcourse 
be on the pressure side of the feed pumps. The use of 
an air heater will of course render the links of 6hain- 
grate stokers more liable to bum out, but this is one 
of the difficulties which have to be overcome. 

Owing to the better mixing of the air with^^the fuel 
it has been shown to be possible in pulverized-fuel 
plants to work with very small amounts of excess 
air, thereby increasing the furnace temperature and 
reducing the stack loss. Pulverized-fuel plants have of 
late been able to show a higher efficiency both on 
this account and because of their well-designed com¬ 
bustion chambers. They also have the advantage of 
great flexibility, being easy to control, quick steaming, 
and having no banking loss. If the capital cost of the 
pulverized-fuel plant can be sufficiently low it will 
undoubtedly oust the mechanical stoker, but I feel 
that this is by no means certain. 

I think that there is room for very considerable 
improvement in the design of stoker plant, with corre¬ 
sponding increase in efficiency. Non-compartmented 
chain grates will of course disappear, and I think that 
much improved combustion chambers will be evolved. 
Trouble with the brickwork has caused designers 
of pulverized-fuel plant to adopt large combustion 
chambers. Such chambers have made complete com¬ 
bustion of the gases possible before tlie tubes are reached. 
The advantage of adequate combustion space is now 
being appreciated by designers of stoker plant, and 
I feel sure that a considerable increase in efficiency 
will result. In the case of very large units the difficulty 
of providing a stoker with sufficient grate area gives 
the pulverized-fuel plant a very decided advantage. 
At present I am keeping an open mind betweepi pul¬ 
verized-fuel firing and stoker firing in regard to our 
future extensions. 

I have endeavoured to give some outline of what I 
conceive to be the main possibilities in regard to our 
future extensions. There is, of course, a mass of, 
practical details to be considered, but I feel that this 
is not the place to discuss them. 
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IRON LOSSES IN P.C. MACHINES.* 


By Edward Hughes, B.Sc.(Eng.), Associate Member. 

(Paper first received Wth Marcht and in final form 22nd April, 1924.)^ 


Summary. 

In Section 1 the iron loss in six d.c. machines with nn- 
distorted flux has been analysed to determine ^ 

(a) The effect of high flux-density upon the hysteresis 

loss. 

(b) The hysteresis and eddy-current exponents over a wide 

range of flux density. 

(c;) The ranges of frequency and of flux density over 
which the total iron loss can be represented by an 
expression of the form kipEy. 

(d) The values of x and y for 0 • 018 in. lohys laminations. 

(e) The agreement between values of iron loss calculated 

from with the measured values over wide 

ranges of frequency and of flux density. 

In Section 2 the increase of iron loss with load is examined. 
The iron loss due to the commutating-pole flux is considered, 
and a method of calculating the iron loss for any degree of 
distortion of the main flux is suggested. The values cal¬ 
culated by this method are compared with those measured 
on a dynamo in which different degrees of distortion were 
obtained by means of a compensating winding. 


Section 1. Iron Losses witpt Undistorted 
Magnetic Field. 


which is at the same time fluctuating between limits^'* 
of 18 000 and 4 000 lines per cm^ these values being 
deduced from his photographs of etream lines. A rough 
estimation for machine A, the particulars of wliich are 
given ill Appendix 1, shows that for a flux density 
of 16 000 in a tooth tip directly under a pole, the tip 
density due to transverse flux when midway between 
the poles is reduced to at least 2 600, whilst that at the 
root of the tooth is reduced to a far greater extent. 
It therefore follows that the flux in the teeth approaches 
much more closely to an alternating than to a rotating 
field; and it was partly for the purpose of checking 
this conclusion that the experiments dealt with in this 
paper were undertaken. ^ 

The core loss is influenced by so many factors * that 
it appears almost hopeless to take all of them into 
account; and judging by the variations in the core 
loss of even similar machines it seems that the value 
obtained from a simple expression based upon test- 
results is almost as reliable as that calculated by the 
most elaborate formula. 

Macfarlane and Burge f give the iron loss in an arma¬ 
ture core built of 0*018 in. laminations as 


A large amount of experimental work has been done 
on the measurement of rotational hysteresis loss. Prac¬ 
tically all investigators except Hermann f have found 
this loss to be a maximum at a flux density of about 
16 000 lines per cm^. Hermann employed ring-shaped 
stampings wound with coils carrying pol 3 rphase emrents, 
so that the hysteresis loss measured was due to a mixture 
of alternating and rotating fluxes. This may account 
for his failure to detect any difference between rotating 
and alternating hysteresis losses. 

In spite of the fact that all the tests on xobational 
hysteresis appear to have been earned out on discs 
resembling a smooth core, many writers have applied 
the results thus obtained to the calculation of the iron 
loss in the teeth of armatures, maintaining that at high 
flux densities the tooth loss does not increase as rapidly 
as at lower densities, owing to the decrease in tlie 
hyster#«is loss. 

It has been pointed out by Thornton { that as a 
tooth moves from under a pole shoe ** the lines of force 
become oblique, and midway between the poles hori¬ 
zontal, though l3ae density never drops to zero. There 
is, therefore, a rotating magnetization in the teeth 


♦ The Papers Committee invite written conrnmnications {with a view to 
. publication In approved by Co^ttee) on papeij pubMcd 

in the Journal without being read at a meeting. Commuiiications should rea^ 
the Sewetary of the Institution not later than one month after publication of 

S^s^maTy rotational hysteresis loss is given by G. Val- 

”oKSof ana Hysteresis Los. to Armatures. 

Jwtrnal 1006, vol. 87,«. j.33, ^ 


TT = 7-6 X + VtBf) watts 

where JB^ = flux density in armature core in kilo- 
lines/cm^, 

s=r average flux density in teeth in kiloliiies/cm®, 
Vff =s volume of iron in core in cm®, 

Vi = volume of iron in teeth in cm®, 
and / == frequency. 

A similar result is given by Schukkerman, $ namely 

W == X 10--® watts 

where 7c = 7 to 9, 

B = mean flux density, 
and V =: volume of core and teetli in cm®. 


Schukkerman found that the index of / increased to 
1*45-1 *6 at high flux densities, due to the greater 
ratio of eddy loss to hysteresis loss. 

The constants just given apply to ordinary soft-iron 
laminations. Since most armature cores for d.c. 
machines are now made with lohys, it seemed desirable 
to determine whether the above indices apply to this 
quality of alloyed iron, and also to determine the value 
oih 

The author was fortunate in having at his disposal 


* A comprehensive discussion on “ Iron Losses in D.C. M?iqbines ” Is given 

T7vi sWnnAi'irtor PjiTMirc ** Jjy jQ, G. LAMME, p. 467 J S6C Also SCt-CftCa 


in ** Electrical Engineering P^^rs 
Abstracts, 1916, Sec. B, No. 466.- 


t ** Output and £(»ncmy Limits of Dynamo-Electric Machinery,’' Jottrml 


J.E., 1909, vol. 42, p, 248. 

X Science Ahsiracis, 1014, See. B, No. 1172. 
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two motor-generator sets fitted with ball bearings, 
together with a relfeijDle moving-coil ammeter possessing 
an exceptionally large inertia. It was therefore possible 
to obtain very accurate ^d consistent results. The 
two sets were by the same maker, and one of the machines 
was fitted with a compensating wihding. 

^ Two machines fitted with plain bearings and by different 
makgrs were also tested, so as to compare the iron losses 
with those of the other four machines; but the same 
accuracy was not possjf>le in these tests. 

The losses were in ^1 cases measured by noting the 
input to a motor directly^coupled to the machine under 
test. The brushes on the latter were lifted to avoid 
any circulating cuiretits, and a correction was made for 



the slightly increased copper loss in the motor with 
increased excitation on the driven machine. 

The core dimensions and other particulars of the 
machines are given in Appendix 1. 

The core losses at the various speeds were plotted 
against flux per pole entering the armature; and from 
these curves the core loss per revolution was calculated 
at different, fluxes, the curves for machines C and D 
plotted in Figs. 1 and 2 being typical of the results 
obtained. 

It is of interest to note how Win deviates from the 
straight line for speeds of about 1 600 r.p.m. (60 periods 
per sec.) upwards. This tapering-ofl of the iron loss 
was not due to any increase of the armature tempera¬ 
ture, since each set of readings took only a few minutes, 
and several of the tests on these machines were checked 
by being, immediately repeated. The effect in question 
must therefore be due to the reactance of the eddy- 
current circuits becoming comparable with their 
resistance. 


'From these curves the «hj^teresis and eddy losses 
at 1 000 r.p.m. were calculated, the results for machines 
C and D being plotted in Figs. 3 and 4. It will be 
noticed that the hysteresis losses for the two machines 
are approximately the same, but the eddy loss in D 
is much greater than that in C. This^ difference is 
probably due partly if not entirely to the presence of 
slots in the pole shoes of D, especially as machines 
A to*D are by the same malrers and the constanlrs for 
the iron losses in machines A, B and C are in close agree¬ 
ment (see Table 3). Eddy currents induced in the 
armature conductors could not be responsible, for the 



increased losses in D; thus, taking the eddy-current 
loss per cm® of armature conductor as 

" V *" 10-^® watts * 

we have for the present case 
tf, = 0*26 cm 


^max. = 400, say, for a flux density ol 20 000 in teeth 

therefore = 0-91 x 10-® watts/cm®. 

But volume of embedded copper ^ 643*cm®, » 
total eddy-current loss in conductors 0*6 watt. 
The curves in Figs. 6, 6 and 7 have been plotted from 
the logarithms of the flux and of the hysteresis and 

♦ Miles WalI^r : ** Dynain<||ijEi5<ffi:io Machujjery,’* p, 144, 
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eddy-current losses for six machines. It will be 
noticed that the slope of most of the curves decreases 
with decrease of flux density. In each case, however, 


This iUustrates the difficulty of predetermining the 
iron losses and especially of calcuffiting the losses for. 
the teeth and the core separately. 



Fig. 3. 

a straight line may be drawn through points covering 
a large range of flux density—^including the flux densities 
usually employed in d.c. machines. To facilitate tlie 
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It will also be noticed from Figs. 5, 6 and 7 that there 
is no indication whatever of tlie hysteresis loss decreasing 
at high flux densities. Only in the case of machine F 
—constructed of soft-iron laminations—does the index 


Table 1. 


Machiue 


Ranf^c of apparent flux 
density in kiiolitics/cmS 

Index of <]> 





at tcx)Ui root 

Hysteresis loss 

Eddy-current loss 

A 

10-23 

1-64 

2-08 

B 

10-23-5 

1-68 

2-27 

C 


4-4-10 

1-38 

2-09 



10-19 

1-82 

2-44 

D J 


4-10 

1-37 

1-74 ^ 

XJ 


12-6-21-4 

1-72 

2-18 

E ■' 


5-2-13 

1-77 

2-03 

^ 1 


13-20-7 

1*77 

2-37 



6-12 

— 

2-16 

F < 


12-26 

— 

2-38 



6-18 

2-06 

— 



18-26 

1-52 

—— 


comparison & the indices. Table 1 has been compiled 
from the above curves. 

From Table 1 it is seen that the indices for the 
hysteresis and eddy-current losses vary considerably 
for different flux denjities and for ijifferent machines 


of O for the hysteresis loss even decrease. It may 
therefore be concluded that the results obtained for 
rotational h 3 ^teresis loss in discs at high flux densities 
are not applicable to toothed ^matures. It is of 
interest to note in connection with Table 1 that Nichol-'- 
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Table 2. 


Machine 

Range of speedh 

Range of apparent flux 
density at tooth root 

. Average value 
of a; 

Range of speed 

Range of apparent flux 
density at tooth root 

Average value 
of y 

A 

C 

D 

E 

F 

r,p.m. 

360-950 

460-960 

750-2 400 
400-2 400 
200-1 70fi 
300-1 400 

9-8-23 
9-7-23-6 
' 7-6-19 

7-21-4 

6-2-20-7 

6—25 

1-487 

1-667 

1-68 

1-634 

1-32 

1-60 

r.pjn. 

132-960 

132-960 

200-2 400 
200-2 400 
136-1 760 
160-1 400 

12-23 

12-23-6 

12-19 

12-6-21-4 

9-20-7 

6-22-7 

i-Ss 

1- 97 

2- 28 

2-06 

2-07 

2f-14 


Table 3. 


Machine 

^JAt 


h 

* 

Thickness and quality of stampings 

A 

B 

C 

D 

E 

F 

1-666 

1-648 

1-326 

1-72 

1- 248 

2- 12 

8 670 

8 360 

10 060 

1 11930 

3 680 

4 690 

0-0252 

0-0267 

0-0329 

0-0601 

0-0112 

0-02065 

2- 9 X 10-6 

3- 08 X 10-6 

3- 27 X 10-6 

4- 2 X 10-6 

3- 06 X 10-6 

4- 38 X 10-6 

O’OIS in. lohys 

0*018 in. lohys 

0*018 in. Idhy# 

.0*018 in. lohys 

0*018 in. lohys 

0*018 in. charcoal iron 



Fia. 6. 


Log W 
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son,* working with a sinusoidal flux wave, found that 
up to a flux density of 19 600 lines/cm® the hysteresis 
loss in stalloy varied as ; but that for higher 

o J^diiufi E-H^teresis loss I 1 / , 

A • F- „ „ / 

X II E-Eddy-current loss / 

D II F- « II /T 


%o 

(3 1*4 


5*5 5-7 

log $ 

Fig. 7, 



6-1 6-2 
Lo^i $ 

Fig. 8. 


flux densities the index appeared to increase rapidly, 

AltemattagCur. 


Also, Lloyd * cites results obtained on a modified Epstein 
tester, where the hysteresis exponitftt for the majority 
of the specimens increased from about 1-6 for a llu.'c 
density of 5 000 to about 2 for 10 000 lines/cm^. 

In view of the wide variations in the exponents of 
the hysteresis and tjddy-current losses, it was decided 
to determine the ranges of speed and of flux over which* 
the total core loss could be expressed with sufl^ieiit 
accuracy by a simple expression of the form 


where 


W =5 anHJy'b* 
n = speSi in r.p.m. 


Curves were drawn of log W against log ij) and also 
of log W against log n for the various machines at 


6*1 2.6 


ioo2'2 

o 



5*8 6‘0 6*1 a «2 (}.3 

Log $ 

Ffo. a. 

different speed.s and at different fluxes ruspcclivcly. 
Figs. 8 to 11 for macliiiies C and D are typical of the 
rraults obtained; and it will be noticed that the rela¬ 
tionships are linear over a large range of flux density 
and over a surprisingly lai-ge range of speed. For 
purposes of comparison, the results derived from the 
curves for tlie six macliiues arc given in Table 2. 

The average values of x and y in Table 2 are 1'60 
and 2-06 respectively, .so that the total iron los.s is 
fairly closely represented by 

W = 

It will be noticed that the index of tire flux is the 
same as that given by Macfarlane and Burge and by 
Schukkerman (see page 36), but that the index of 
the speed or frequency is 1-6 instead of 1-3, 

♦ “Magnetic Testing of Iron," Electrkian, lOlW, vol. «1, p. 3Ui. 
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A comparison of Tables 1 and 2 and a reference to 
e Figs. 1 and 2 are ^trf&cient to indicate that more con¬ 
sistent values of the exponents for the iron loss are 
obtained from the total iroij. loss than from the hysteresis 
and eddy-current losses considered separately; and 
that, in general, the values of iron^oss calculated from 
^che simple expression 3^® quite as reliable as 

thos^ based upon an expression of the form 

H- 

where 6 and c are constants for the hysteresis and 
eddy-current losses respectively. 



Cofe loss in terms of volume, —^Assuming the symbols 
given on page 35 and making use of the indices just 
derived, we have :— 

Total core loss = TF = 

If area of armature core per pole, 

and At = average area of teeth carrying flux per pole, 

then Bt = 

F « 

=s= iqj. given machine. 

The best values of and of k have been determined 
for- the different machines and are given in Table 3. 


The values of h derived machines A, B, C and E 
agree very closely with one another, whilst the values 
for machines D and F are considerably higher. The 
increased eddy-current loss in D has already been 
referred to on page 36, and is probably due to the 
flux pulsation and oscillation caused b 3 >’#the slots con¬ 
taining the compensating winding. The larger coeflicient 



for machine F, on the other hand, is mainly due to the 
laminations being of charcoal iron. 

In order to illustrate how closely tlae core losses 
calculated from the coefficients given in Table 3 agree 
with the measured losses, I'able 4 has been p; 9 mpiled. 
For convenience of comparison the ratio of Idie two 
values has also been included; and^it will be noticed 
that in the majority of cases the calculated value is 
within 6 per cent of the measured valu^ over a wide range 
of frequency and flux density. 

Section 2. Influence of Cross ^Ftux and of 
Commutating-Pole Flux upon Iron Loss in 
D.C. Machines. 

The first section of this paper dealt with undistorted 
flux, the iron lo^j^ being in all^cases measured on no 
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load. When a machine is»on load, however, it is well 
known that the field distortion due to armature reaction 
increases the iron loss, but it is generally difficult to 
determine the magnitude of this increase. The weaker 
the main field in comparison with the cross field, the 


that a very elaborate method of calculating the iron 
loss is practically useless. ^ 

General expressions for eddy-current losses in dynamo 
teeth and in the pole faces^have been derived mathe¬ 
matically by Press * and by Carter f; but these expres- 


Table 4. 


-a_t 


Machine 

Frequency 

Core loss 

Ratio 

Core loss 

Ratio 

Core loss 

m 

Ratio 

0 

Measured 

Calculated 

Measured 

Calculated 

Meamred 

Calculated 



J8a = ll*7 

JS„*9*38 


E,,*6*23 


r 

31*7 

594 

613 


389 

395 



176*5 


A J 

21-7 

345 

347*5 


220*6 

224 



99*5 


1 

160 

193 

200 


126 

129 


61 

67*2 

BIB 

1 

8*3 

84 

82*5 

0*982 

56*6 

53 

0*963 

26 

23*6 

IH 



E,. = 12-l 

A *10*0 

J5„«G*26 

r 

31-7 

680 

672 

1*012 


ra 

1*018 

186 

180 

WM 

B J 

21-7 

363 

381 




1*062 

95 

101*6 

BIB 

1 

15-1 

221 

221 


150*5 

msM 


58-6 

69 

BIB 

1 

8-3 

97 

90 


67 

61*5 

mm 

28*6 

24-1 

la 



i?a= 12-12 

R,»=0*73 

Rtf *6*38 

r 

80-0 

3 620 

3 460 

0*956 

2 130 

2 230 

■Bil 

895 

959 


r J 

53-3 

2 040 

I 880 

0*922 

1190 

1213 


500 

521 


1 

26-7 

673 

668 

0*993 

398 

429 


166 

184-5 


1 

13-3 

250 

236 

0*939 

155 

161*5 


69 

66 




Ba « 10-3 

Ra“8*01 

2?«*8-0G 

f 

80-0 


3 800 


2 615 


0*995 

1 315 

1320 


^ { 

63*3 

2 143 

2 070 

■IB 

1430 

1415 

0*99 

710 

717 

V^QB 

26-7 


732 

mBSm 

478 


1*045 

260 

254 


* 1 

13*3 

242 

258 


166 

176 

1*06 

84*6 

89*3 




J5« *11*92 

JBtf *9*07 

J5,,«6.21 

f 

68*7 

729 

718 

0*986 

435 

470 

1*08 

113 

136-6 

mm 

E J 

36*7 

372 


0-952 

230 

233 

1-012 

68 

67-8 


1 

18*3 

137 

125 

0*913 

88 

82 

0*932 

26*8 

23-8 

m 



^a = 8-42 

B«.-6.11 


r 

46*7 



■■ 

264 

245 

0*928 


109 

n 

F J 

23*3 

166 

164 


85*8 

86*3 

1-004 


38*4 


X 

• 

11*7 

• 

-V- 

57*8 

58-4 

n 

81*4 

30*7 

0*98 

u 

13*66 

B 


greater the flux distortion and consequently the greater 
the increase in the iron loss. There are many cases, 
such as variable-speed motors, where the predeter- 
.mination of Uae iron loss on load is of particular im¬ 
portance, since the maximum load in such machines 
usually occurs at the highest speed. At the same time, 
it is necessary to realize that the iron loss depends upon 

so many factors of cqpstruction as 'vgeH as of material" 

• • • 


sions are based upon various assumptions relating to 
flux distribution, etc., contain unknown constants and 
are so cumbersome Ihat they are hardly likely to be 
adopted by the average designer. It is doubtful 

♦ A. Press : ** Incrfimental Armature Copnw Losses at No-Load and Arma¬ 
ture Teeth Eddy-Current Losses,” Journal 1916, vol. 63, p. 820. ^ 

t F. W. Carter: ” Eddy-^rrent Losses in Dynamo Teeth, Elet^nctanf 
1916, vol. 76, p. 669. and ” Pole-Face Losses,” Journal 1916, vol. 64, 

p. 168. 
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whether the results deduced from such expressions, 
r which account for 5jdy a portion of the total loss, will 
be nearer the actual value than those based upon much 
simpler expression|l In jthe paper already referred 
to on page 35, Lanmie states that " while the no-load 
losses are difficult to predetermine,^ the full-load losses 
*^hre still much more difficult to calculate,^' and he then 
goes^on to give a rough qualitative analysis of the 
problem. 

It was with the purpose of discovering whether the 
incremental iron losses could be calculated easily and 
fairly accurately over a T^ide range of speed, load and 
excitation that the tests described below were carried 
out. Macliine D ref Ared to in Section 1 of this paper 
was fitted witli a compensating winding. By passing 
a current through the latter and by separately exciting 
the field winding it was possible to measure the iron 
losses at different excitations and with different degrees 
of distortion. The input power was measured as 
already described on page 36. No current was passed 
through the C.P.* winding, partly to simplify the test, 
but mainly because the flux density under the commu¬ 
tating poles due to the current in the compensating 
winding happened to be approximately what might be 
ejJpected in a normal machine. The brushes were 
lifted off the commutator to eliminate any currents 
circulating round the armature winding. Fig. 12 
shows the results obtained at 2 000 r.p.m., these curves 
being t 3 rpical of those obtained at the other speeds; and 
the losses at different speeds, etc., are given in Table 6. 

The iron losses in the machine under test may be 
resolved into:— 

(a) Iron loss in teeth under commutating poles. 

(5) Iron loss in teeth under main poles. 

Iron loss in armature core. 

(a) Iron loss in teeth under commutating poles .—It is 
curious that this loss is never referred to as being partly 
responsible for tlie incremental loss. This is probably 
due to the impression that owing to the comparatively 
low flux density and the short duration of the period 
of magnetization the iron loss is negligibly small. This, 
however, is far from being the case. For instance, 
the h3^teresis loss per period depends upon the maximum 
flux density and is independent f of frequencies obtain- 
ing in a d.c. machine. The period of magnetization is 
slightly unsymmetrical, but the effect is too small to 
be detected (see page 50). It therefore matters not 
whether a tooth be passing a commutating pole or a 
main pole; the hysteresis loss per cm^ per period is 
exactly the same for a given maximum flux density. 
From this point of view the integration method sug¬ 
gested by Thornton J for calculating the heating effect 
of hysteresis loss in an armature is not correct. 

Let us next consider the eddy-^current loss. This 
loss may be regarded as being due to two distinct 
causes; first, the tee*^ in moving through the flux 
generate an E.M.P. in just the same way as do the 
* Commutating pole. 

« " Magnetic Testing of Iron,” Eiectrician, 1900, vol. 64, 

“ Hysteresis Loss In Iron taken through Un- 
pTsM Constant AmpUtude” Journal 1012, vol 48, 

** T 4 * M. Thornton : ** The p^Mbution of Magnetic Induction and Hysteresis 
Loss in Armatures,” Journal 1906, vol. 87, p. 125. 



2 400 310 830 1 465 
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armature conductors. Tha *path of tlie eddy currents 
due to these " speed E.M.F.'s is mainly radial, but 
it seems impossible to calculate the resistance of tTiia 
path with any degree of accuracy. The main features 
of these eddies, however, is that they axe directly pro¬ 
portional to tke flux density and that their duration is 
practioally proportional to the width of the C.P. shoe. 
Consequently the loss due to these eddies should be 
comp&atively small. 

The second cause of eddy-current loss is the trans¬ 
former action that occurs in each tooth as it moves 
into and out of a magnetic field, eddy currents being 
induced transversely in the tooth of each lamination. 
So long as a tooth is moving in a field of uniform strength, 
the loss due to this cause is zero. Consequently, the 
width of the pole arc has no effect, and the loss for a 
given flux density is just as large when a tooth passes 


(iii) The loss due to the C,P, flux calculated from the 
expression witR^ the value of Ic 

derived from the loss due to the main-pole 
flux alone, agrees fairly closely with the actual 
loss over a wide range of C.P. flux. 

These results enable us to proceed with the calcula¬ 
tion of the loss in the teetli under the commut^ing 
poles, the figures for machine D being :— 

Length of C,P, gap*^ 0*254 cm 
Tooth pitch at tip == 2«8 cm 
Width of slot = F15 cm 

Carter’s correction coeflicient = 0*485 for present 
case. 



into and out of the C.P. field as when it passes into and 
out of the main-pole field. 

CirciTmstances prevented the author from carrying 
out any further tests on machine B, so tliat it was not 
possible to check the iron loss due to the C.P. flux 
alone foj^that machine. Tests were therefore carried 
out on ano^flier machine G of about the same size, and 
in order to avoid confusion at this point the results are 
given in Appendix 2. The conclusions from these 
tests, however, ma^ be briefly stated thus :— 

(i) The polarity of the commutating poles relatively 
,to thA of the main poles has no measurable 
effect upon the loss due to C.P. flux. 

(ii) The increase in the iron loss due to a given current 

in the C.P. winding is practically independent 
of the flux in tl^ main poles. • 


Effective length ol C.P, gap 

= 0-264 X 3-- 

2-8-0-486 X 1-16 

= 0-317 can. 

With 200 amperes in the compensating winding the 
ampere-turns per pole acting on the C.P, magnetic- 
circuit is 

200 X 6 1 200 

If the reluctance of the iron portion of the magnetic 
circuit be neglected in comparison with that of tire 
air-gap, then the average flux density in C.P. air-gap ' 

1 200 

0-8 X 0*317’ 

= 4*74 kiiolines/cm^ 
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Size of C.P. shoe = 11-44 x 3-176 cm. 

Flux per tooth ^i^ch per cm axial length of core 

= 4-74 X 2-8 
= 6 -rfi kilolines. 

Average wide of tooth =1-41 era. 

6-91 

.‘. Average flux density in tooth = -—■ 

^ 1-41 X 0-9 

= 6-46 kilolines/cm^. 

The armature core h^d two vent ducts under the 
C.P. shoe, so that the effective length of core carr 3 dng 
flux under the comi^utating poles may be taken to be 
approximately the same as that of the C.P. shoe. 

Hence volume of teeth subjected to the C.P. flux is 

1-41 X 2-86 X 11-44 X 0-9 X 37 = 1 630 cm^. 

In Section 1 it was found that the iron loss of this 
machine is given by 

Tr = 4-2 X 10 -®/i*5b2F 

Hence, at 2 000 r.p.m. and with 200 amperes in the 
compensating winding, iron loss in teeth under C.P. 

= 4-2 X 10-« X ( - X {6-46)8 x 1 630 

= 383 watts. 

The effect upon the C.P. flux of its superposition 
upon the main-pole flux in certain portions of the yoke 
was estimated, but the reduction was found^to be 
comparatively small; and any effect upon the loss is 
negligible, as shown experimentally in Appendix 2 . 

If the C.P. flux be assumed proportional to the current 
in the compensating winding, then iron loss in teetli 
under C.P. is 216 watts with 160 amperes, 96 watts with 
100 amperes and 24 watts with 60 amperes. 

(b) Iron loss in teeth under main poles. —^The remarks 
concerning hysteresis and eddy-current losses made 
in connection with the C.P. flux apply equally well 
here. The problem is further complicated, however, 
by the fact that the flux density varies over the pole 
face and may even become reversed, as indicated in 
Fig. 14, when the main field is weak relatively to the 
cross field. 

If the magnetization curve be as represented in 
Fig- 16, then for an excitation OA with undistorted 
, field, the flux density. is uniform and proportional 
to AH. 

Let I = total current through armature, 

q = number of parallel circuits through armature, 
G = total number of armature conductors, 
p = pairs of poles, 
and ^ = pole arc/pole pitch. 

Then cross ampere-turns per pole acting at pole-tips 

£ £ 

q 2 * 2p 

If AC and AB be made to represent these cross 
ampere-turns per pole, the distribution of the flux over 
the pole arc is given fairly closely by the curve JHG. 


Further refinements in determining this distribution are 
hardly justifiable in the present problem. The flux 
per pole is therefore given by BN, the average height 
of JHG; and the maximum density at the mean section 
of the teeth is given by 

^ flux CG 

JBy -—-a—. 

average area of teeth carrying flux per pole 
flux CG , „ 

= present case. 

109-26 


G 



With a comparatively weak excitation, such as OD, 
the flux distribution is represented by Fig. ki, the 
resultant flux per pole being given by the average 
height FP of the curve MLK. The flux density at 


R 



the mean section of the teeth under one pole-tip is 
, ^ fluxEK 

given by = " 209.25 * under Che other 

pole-tip is given by = ^ 09 .™ 

The hysteresis loss in the teeth with a flux distribution 
as in Fig. 13 depends only upon the flux'^density corre; 
spending to CG; but with a flux distribution like that 
of Fig. 14 the hyster^is loss is made up of two distinct 
components, namely that due to magnetization EK 
and that due to q^iagnetization 
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The effect of distortio» upon the eddy-current loss 
may be considered in a general way thus :— 

Suppose the distribution of undistorted flux round 
the periphery of the armature to be represented by 

^ i sin SB i • • * 

where ©j, etc., are the amplitudes of the fundamental 
and harmonic flux waves. 

Then E.M.F. generated by\ ^ 
rotation in flux density BeJ ^ 

/. corresponding value of \ ^ jg 2 
eddy loss per cm® J ^ 

^hJETe 

where A; is a constant. 



Hence average value of eddy loss per cm® over pole 
pitch . 



= + ^ + . . ( 1 ) 

Again, instantaneous E.M.F. induced in teeth by trans¬ 
former action 


OQ (Bj^ cos B ib 3 E 3 cos 36 ± 6 E 5 cos 6 ^ ± ...) 
corresponding value of eddy loss per cm® 

« cos 6 ± SB^ cos 3d ± 6 E 5 cos 5 ^ ± .. .)2 

where is another constant. 

Hence average -value of eddy loss per cm® over pole 
pitch • ^ 

cos 6 ± 3B^ cos 36 ± 5B^ cos 50 i ., .)®d0 

= + 9-^ + 26J^ -h...).(2) 

A comparison of expressions (1) and (2) shows, that 
harmonics in the flux VT^ve have a rn^ch greater effect 


upon the eddy loss due to transformer action than upon 
that due to rotation. . • 

Let us next consider the effect of distortion. If 
saturation were neglected, tlys distribution of the cross 
flux would be symmetrical and could be represented by 
an expression of the^orm 

Bob =- B^sm (6 - 90) ± sin 3 (0 - 90) ' 

±J5,5sin5(0-9O)ii... 

= Bci sin (0 - 90) ± Ec 3 sin (30 + 90) 

± sill (50 — 90) ± • •. 

Hence the fundamental aud the harmonics of the 
cross-flux wave are each in quadrature with the funda¬ 
mental and respective harmonics of the main-flux 
wave. 

.*. amplitude of resultant fundamental = \/(^+-®ci) 

amplitude of resultant 3rd harmonic = V (£3 +15^3) 
etc. 

It can therefore be shown that the average value of 
eddy loss per cm® due to rotation 

= -h 15^1 + e| + -f-. ..) 

and average value of eddy loss per cm® due to trans¬ 
former action 

= + 9(Bi + + 26(4 + 46) + ...} 

It will be obvious from Figs. 13 and 14 that the wave 
of cross flux consists mainly of harmonics, so that a 
relatively large increase of eddy-current loss must 
result. But the amplitudes of these harmonics vary 
with every variation of the main-pole excitation, and 
the relation between the eddy loss due to transformer 
action and that due to rotation is not known and could 
only be calculated very crudely; consequently it would 
not be worth while to analyse the flux waves for any 
particular case. The principal deduction from the 
above analysis, however, is that the iron loss in the 
teeth increases rapidly with flux distortion, and may 
therefore be regarded as being dependent upon the 
maximum flux density; but the e:rtent of this depen¬ 
dence can only be checked by experiment. 

The flux distribution under the main pole of machine 
D was determined from the magnetization curve for 
each of the various field excitations and currents in 
the compensating winding. The flux density at the 
mid-section of a tooth was calculated under the 
strengthened pole-tip; and in those cases where the 
field under the other pole-tip was reversed, the corre¬ 
sponding flux density was also calculated. 

If density in kilolines/cm® at the mid-point 

of a tooth under the strengthened pole-tip, 

Eg = corresponding value for a tooth under the 
other pole-tip, when the flux is reversed as 
in Fig. 14, 

and Vt total volume of teeth in cm®, 

'then the iron loss in the teeth has been calculated from 

Wt =» 4-2 X 10-®/1-®F,(4 + watts. 

At a speed of 2 000 r.p.m., 

Tr, = 4-2 X X 1880(4 + J5i) 

= 4-31(4+ 4)- 
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(c) Iron loss in armature core .—It has already been 
pointed out (page 4^) that the C.P. flux appears to have 
no effect upon the loss due to the main flux. This is 
probably due partly to Jhe main-pole flux causing a 



slight decrease of the C.P. flux and reducing the iron 
loss in the teeth under the commutating poles by about 
the same amount as any increase of the core loss; and 


When the distribution is^of the form indicated in 
Fig. 13, the flux density in the armature core is obtained 
from the total flux per pole represented by BN in 
Fig. 15. With such a distribution as that of Fig. 14, 
on the other hand, the flux which re-enters the pole-face 
has to be carried by a part of the armature core that 
is working at a comparatively high flux density, the 
distribution of flux over the cross-section being far 
from uniform.* Hence if O be the resultant fltix per 
pole, Oc the cross-flux re-entering the pole-shoe, and 
A the sectional area per pole of the armature core, then 
average flux density at section X (Fig. 16) 

= (iO+ Oo) ^A 

^ O + 20c 

A 

The value of Oo can be derived from Fig. 16 thus:— 

Oc — average ordinate of curve OM(OF/FE) 

= |FM(OF/FE) 


Table 6. 


Field current 

Current in 

Flux 

Loss in teeth 
under C.P. 

winding 

* • 

( 1^0 

amps. 

amps. 

megalines 

megalincs 

watts 

0-31 

f 

0 5 

.0 

0 

0*6 

0 J 

0-91 

0 

0 

1-4 

1 

1*6 

0 

0 

2-2 

l 

1*94 

0 

0 

0 


0 

0-1261 

24 

0-31 


0-4926 

0 

24 

0-6 

60 < 

0*8964 

0 

24 

1*4 


1-594 

0 

24 

2«2 


1-9376 

0 

24 

0 


0 

0-2418 

96 

0-31 


0-46 

0-06 

96 

0-6 

100 ^ 

0-86 

0 

96 

1*4 


1*668 

0 

96 

2 2 


1-9266 

0 

96 

0 

r 

0 

0-3413 

216 

0-31 


.0-4193 

0-1607 

215 

0-6 

160 ^ 

0-7826 

0-0433 

216 

1*4 


1-628 

0 

215 

2-2 


1-914 

0 

215 

0 

r 

0 

0-426 

383 

0-31 

I 

0-3726 

0-2667 

383 

0-6 

200 < 

1 0-7193 

0-126 

383 

1*4 


1-4676 

0 

383 

2‘2 


1-89 

0 

383 


Loss in teeth 
under main poles 

Loss in armature 
core 

Total calculated 
loss 

Measured loss 

watts 

watts 

watts 

watts 

90-6 

103*6 

194 

270 

298 

343 

641 

'"oso 

920 

1060 

1 980 , 

2 020 

‘ 1 360 

1 666 

2 916 

3 030 

61 + 61 

26 

172 

266 

267 

100 

391 

486 

620 

332 

876 

866 

1 076 

1060 

2 149 

2 120 

1 470 

1660 

3 044 

3 076 

224-f224 

96 

640 

"600 

484+37 

139 

756 

780 

718 

298 

1 112 

1080 

1220 

1 010 

2 326 

2 246 

1 660 

1 530 

3 186 

3 160 

428+428 

192 

1263 

1 100 

688+182 

227 " 

1 312 

1 220 

888*^ 26 

312 

1440 

1 460 

1336 

962 

2 512 

2 600 

1 660 

1 616 

3 390 

3 340 

648+648 

300 

1 979 ' 

'’‘"1 810 

868+383 

323 

1 957 

1 860 

1 060+167 

391 

1 981 

1 976 

1460 

890 

2;733 

2 860 

1 746 

1 476 

3 603 

3 670 


partiy to the C.P. flux altering the distribution of 1 
the armature core rather than increasing the dens 
•^ose parts where the density due to the main i 
already high. 


The value of <1^ is given by FP, the average ordinate 
of curve MLK, as already explained on page 44. 
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If = flux density in kilolines/cm^, 
and =* volume of armature core in cm®, 
then iron loss in armature core 

= = 4-2 X 

» 

At a s])eed of 2 000 r.p.m.. 


l^a = 4-2 X 10-® X^ 
= 14-6^ 


2 000 X 2\l * 


60 


)"x 


6 SIOBi 


Comparison of calculated losses with measured losses. 
—The losses have been calculated for a speed of 2 000 
r.p.m. and the results are incorporated in Table 6 ; 


Up to an apparent flux density of 23-5 kilolines/cm® 
at the tooth root, the hysteresis*exponent remains 
constant over a large range of flux density; hence 
results obtained for rotational hysteresis loss are not 
applicable to armature teeth. 

(3) The eddy-curfent exponent is generally greater ■ 

than 2, even for comparatively low flux densities. This* 
appears to be mainly due to the flux distribution i*. the 
armature core becoming less uniform with increasing 
excitation. ^. 

(4) Above about 50 periods per second, the eddy- 
current loss does not continu^to increase as the square 
of the frequency. 

(5) More consistent values of exponents of B 
and / are obtained from the total iron loss than from 


Table 7. 


Field current 

0 ampere 

0‘0 ampere 

2*2 amperes 

Current 


Amperes 



Amperes 



Amperes 


in Comp. > 













winding J 

100 

200 

100 

200 

100 

200 ** 

Speed 

C* 

Mf 

C 

M 

C 

M 

C 

M 

C 

M 

c 

M 

r.p.m. 














20*2 

26 

62*5 

63 

35-2 

42-6 

62-6 

71-7 


106-1 

114 

120*8 


67*1 

54 

176-6 

152-6 

99 

01-6 

177 

176-6 

284 

267*6 

322 

304-6 


162 

■MU 

600 

465 

281 

277 

502 

612 


773 

910 

898 


297 

274 

917 

863 

616 

618 

920 

980 

IS 

1 466 

1 676 

1 719 


458 

480 

1 412 

1286 

796 

780 

1 420 

1 480 


2 266 

2 680 

2 630 


640 

600 

1 979 

1 810 

1 112 

1080 

1 981 

1 976 

3 186 

3 160 

3 603 

3 670 

2 400 

841 

830 

2 600 

2 290 

1 466 

1460 

2 610 

2 730 

4 190 

4 300 

4 750 

6 014 


* Denotes “calculated.” f Denotes “measured.” 


and in order to show how the calculated values and the 
measured values compare over a wide range of speed, 
excitation and distortion, Table 7 has also been compiled. 
It will be seen that the figures agree remarkably weU, 
• considering the simple expressions employed and the 
very wide ranges covered. The agreement is as good 
as is required in the calculation of iron losses unless the 
conditions are exceptional. 

It may be added that 200 amperes through the com¬ 
pensating winding of the machine under test corresponds 
to an armature loading of 214 ampere-conductors per 
cm of tlse^ periphery. 

Conclusions. 

Section 1. « 

(1) In a d.c. machine the hysteresis loss varies as 
B^, where x lies between about 1;6 and 1*8, and the 
eddy-current toss varies as B!^, where y lies between 
about 2 and 2*4. 

(2) The h^teresis loss in a toothed armature does - not 
show any sign of decreasing with increasing flux densities 
of the values generally ^employed iom d.c, armatures. 


tlie hysteresis and eddy-current losses separately; and 
the total iron loss can be calculated with fair accuracy 
over wide ranges of frequency and of flux density from 
the expression 

W = + Fj^) 

= for a given armature, 

where = flux density in armature core, 
and Bi = mean flux density in teeth. 

(6) The value of Zc-for lohys laminations, 0*018 in. 
thick, may be taken as 3 x 10“"® when the flux density 
is in kilolines/cm® and the volume in cm®. 

In terms of the weight in lb. of the armature core 
and teeth, the iron loss may be expressed as 

W = + TF,B?) 

where = S8-2h 

= 1-76 X 10-® for 0-018in. lohys. 
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Thus for a flux density of 10 kilolines/cm^ at 60 
periods per second, • 

Iron loss per lb. = X 10-* x (60)i-6 x (10)2 
= 6*18 watts. 

, It is of interest to note that the*niakers give the loss 
as 1-55 watts per lb. when the laminations are tested 
witl» an alternating flux under the most favourable 
conditions. It may also be pointed out tliat the value 
of ihe core loss to be found in most textbooks on dynamo 
design are much smaller "^an those given in this paper. 

• For convenience in -aie application of the above 


to that of the main poles has no effect upon the loss 
due to the C.P, flux. 

(3) The total iron loss with any degree of distortion 
is given fairly closely by the sum of the following losses : 

(a) Tooth loss due to C.P. flux = TT^ 

where h = constant derived for iron loss with^ undis¬ 
torted field, 

/ = frequency of machine, 

Bi = mean flux density in teeth under C.P., 
and Fg = volume of teeth subjected to C.P. fltJx. 



different frequencies and flux 
densities has been plotted in Fig. 17. 

Section 2. 

independent of the flux in the 
(2) The polarity of the commutating poles relatively 


(6) When flux is not reversed at ene pole-tip, tooth 
loss due to main-pole flux is 

When fl^ is reversed at one pole-tip (Fig. 14), tooth 

loss due to main-pole flux is 
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where h = same constant before, 

Vi = total volume of teeth, 

= mean flux density in tooth under strength¬ 
ened pole-tip, 

_ , _ flux KE _ 

meih area of teeth carrying flux per pole 
^ for excitation OD (Fig. 15), 

and = ditto under pole-tip at which flux is reversed 

__ flux FM _ 

mean area of teeth carr 3 dng flux per pole 

for excitation OD. 

(c) Loss in armature core = Wa = 
where Jc = same constant as above, 

Va = volume of armature core carrying flux, 

and 

, ^ 0 -f 

- 2 

where 0 = resultant flux per pole, 

Oc — cross flux (if any) re-entering pole-shoe, 

= |FM(OF/FE) in Fig. 16, 

and A = sectional area per pole of magnetic circuit 
through armature core. 


The author wishes to thank Prof, P* 
permission to carry out the tests machines to 
at the Heriot-Watt College, Edinburgh. The ^^ 

of the work was done at tlie Municipal i ccunu.a 
College, Brighton. * 



Then total iron loss = Wc + 


Fig. 18. 


APPENDIX 1. 


Note ,—Particulars of the machines referred to in the paper. 


Machine 

A 

B 

c 

D 

E 

F 


No. of poles. 

4 

4 

4 

4 

4 

4 

*1 

Diam. of armature, cm 

30-62 

30-34 

33 

33 

21*6 

1005 

nii 

Gross length of armature, cm 

16-23 

16*23 

16*6 

16*6 

16*22 

12*7 


No. and size of vent ducts .. 

(2) Jin. 

(2) J in. 

(2)iin. 

(2) J in. 

(1) } in. 

None 

(2) g in. 

No. of slots. 

49 

49 

41 

37 

26 

20 

:io 

Size of slot, cm 

3-02x0-813 

2-84x0-813 

2-8ex0-838 

2*86x1*15 

2*86x1*08 

2-285x0*05 

;j *5 . : 1*17 

Pole arc/Pole pitch .. 

0-76 

0-76 

0*75 

0*646 

0*737 J 

0-708 

0-00 

Mean area of teeth carrying 
fluxT)er pole, cm^ 

102-2 

103*4 

142 

109*2 

78*6 

67-3 

170*2 

Area of armature core per pole, 
cm2 

Volume of teeth, cm3 

160 

160 

188 

188 

97*8 

121*8 

iitio 

1 606 

1610 

2 100 

1 880 

1 172 

034 

;i 540 

Volume of armature core 
carrying flux, cm3 

4 740 

4 740 

6 370 

6 370 

1860 

1 760 

H 1120 

No, of armature conductors .. 

— 

— 

— 

444 



400 

Type of winding 

— 

— 

— 

I>ap 

— 

_ 

Wavi* 

No. of turns per pole on com¬ 
pensating winding 

1 

nnf __j * _ 



6 

1 





The magnetization curve for Machine D is given in Fig. 18. 


• APPENDIX 2. 

• 

The tests described below were carried out on machine 
G to determine tlSe effect of the C.P, flux upon the iron 
loss. Both the commutating poles and the main poles 
were separately excited, the iron loss being determined 
.by measuring the jLaput to the driving motor. The 
brushes, pf the machine under test were lifted, and 
correction was applied for the variation of the copper 
loss in the motor. 

As the loss due to Jhe C.P. flux comparatively 

VoL. *63. 


smaU and the supply voltage fluctuated a fair ntufuint 
aU the readings were repeated, the various points 
indicated in the diagrams. * ' ” 

Curve A of Fig. 19 shows the input to the driving 
motor (after correction for copper loss) for diifi.reiu 
currents through the C.P. winding, the main 
being unexcited; and curve B show.s the relation 
between the same quantities witlx full excitation on 
the main poles. It is evident from th.e.so curves tint 
the iron loss due to the C.P. flux is independent of the 
polarity of the commutating poles relatively to that of 
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thfe main poles. ' Further, the two curves are so similar 
that we can cOne^d'e that the iron loss due to the 
C.P. flux is practically independent of the main-pole 
flux. Readings taken wl^ a lower excitation on the 
main poles confirmed this conclusion. 

.The useful maip-pole flux in tho tests recorded in 
'■Fig. 19 was found to be 2-88 megalines, and the speed 
was^ maintained constant at 800 r.p.m. The corre- 
sjjonding flux density in the armature core is :— 




2-88 X 1*000 
290 • 


= 9*83 kilolines/cm^ 


From Fig. 19 th# iron loss due to the main-pole 
excitation alone is 2 388 - 1 250 = 1 138 watts. 


1*2 


Carve 

N 

A—Mai 
B- . 

II poles unexcited 
• fthrexctted 

/ 





/ 

r~ 





/ 

7 




/ 

/ 




J' 

— 

/h~ 





7^ 








2 

xCannnDia 

0 M 

- L 

r\ 

ibsspoUs 

samepd 
VPodite ^ 

Ecrtlyadlfi 
N to 
_L 

sdingmahi 

w H 

_ X 

[poles 

II 

Z 


i2*65 


2-55; 


2-45 


2-25 


Cnrrent in C.P.-wmdln5, anqiaes 

Fig. 19. 


Hence from the expression on page 40 and the data 
m Appendix 1 we have 

1138 = ix(!®^y '‘x (9-83)2 
fc* 4-7 X 10-« 

^ At a flux of 2-26 megalines per pole the measured 
iron loss was 676 watts, and the corresponding value 
of i is 4-66 X 10-’*. The average value of k may 
therefore be taken as 4- 6 x 10-«. 

Let us now see how the calculated values of the iron 
loss due to the C.P. flux compare with the measured 
values. 

Full-load current of machine G = 86 amperes. 

Ampere-conductors pa: cm of periphery at full load 
— 191 and amalmre-tums per pole at full load = 2 480. 


But ampere-turns per pole^ue to C.P. at full load 
= 86 X 44 = 3 740. 

• ' ■ ^pere-turns per pole acting on magnetic 
cnrcuit of C.P. = 1 260. ® 

Hence current through C.P. winding alpne to produce 
same flux 

= 1 260/44 

= 28-6 amperes. « 

Let us therefore calculate the iron loss due to sav 
30 amperes through the C.P. winding alone. ’ 
Le^th of air-gap under C.P. = 0-30 cm '(mehsured). 

.. Effective length of C.P. air-gap (see page 43) 

= 0-30 X -_ 

2-66 - 0-46 X in 

= 0 • 376 cm. 

Plux density in C.P. air-gap 
30 X 44 

~ 0-8 X 0-376 “ ^ lines/cm2. 

Flux density at mid-section of tooth 
tooth pitch at tip 


= 4 390 X 


= 4 390 X 


average tooth width x 0-9 
2-66 


1*222 X 0*9 


= 10 600. 


Axial length of C.P. shoe = 8-26 cm. 

.•. Volume of teeth canying C.P. flux 

8 * 25 

^ ® X 1^5-5 = 1 173 cm*. 

* O 

Hence iron loss at 800 r.p.m, 

= 83*8 watts. ^ 

An estimate of the iron loss in the armature core 
due to the C.P. flux alone gave 1-8 watts, a negligible 
value compared •with, other losses. 

The following table has been calculated on the assump-' 
tion that the iron loss varies as tlie square of the current 
through the C.P. winding, and shows a fair agreement 
between the calculated and measured values. , 


Iron loss 


Z.P. winding 

Calculated 

MeasuilCd 

amperes 

watts 

watts 

20 

37*3 

1 42 

30 

83*8 

82 

40 

149 

134 

60 

232 

190 ' 


The application of these results has already beerfe 
dealt with in Secijon 2 of the papeTi 




SELF-EXTINGUISHING BOARDS AND MOULDINGS FOR ELECTRICAL PURPOSES. 61 


DIRECTIONS FOR THE STUDY OF NON-IGNITABLE AND SELF- 
EXTINGUISHING BOARDS AND MOULDINGS FOR ELECTRICAL PURPOSES. 

[Report (Ref. A/SIO) Received from the British Electrical and Allied Industries • 

Research Association.] 


Contents. 


Preface.. 

I. Definitions and Classification ., .. .. 6i 

(a) Definition of Non-ignitable ,. .. 61 

(b) Definition of Self-extinguishing .. 61 


(cj Classification of Non-ignitable and Self¬ 
extinguishing Boards and Mouldings 61 


II. Methods of Test.62 

1. Conditioning .62 

2. Determination of Thickness .. .. 62 

3. Determination of Density .. .. 62 

4. Tensile Strength, Extension and Plastic 

Yield under Continuous Load .. 62 

6. Compression Strength.62 

6. Shearing Strength .62 

7. Impact Test (Brittleness) .. .. 63 

8. Stijffness or Rigidity .63 

9. Electric Strength..66 

10. Surface Breakdown .. .. .. 66 

11. Shrinkage, Warping and Swelling .. 66 

12. Machining Properties.66 

13. Effect of Oil .66 

14. Absorption of Water '.66 

16. Fuse Wire Test .. 67 

16. Carbon Arc Test.68 

17. M6ker Burner Test .69 

^ 18. Radiant Heat Test .69 

19. Ageing 69 


Preface. 

Experience has shown that materials which purport 
to possess non-igmtable or self-extinguishing proper¬ 
ties vary greatly in their ability to withstand a high 
temperature and exposure to atmospheric conditions. 

These Directions have been drafted to meet the need 
for suitable tests to determine the merits of the many 
materials of this class on the market. 

Thejlfktenals covered by this specification have more 
or less well-defined electrical insulating characteristics 
in addition to their non-ignitable. or self-extinguishing 
properties. « 

A large amount of experimental work has been carried 
out in proving the methods of test given herein, and 
the results of-^ese tests will be embodied in a Report to 
*be issued later. 

'* The Papers Committee 
publication in the Journal if 
in the Journal without being 
the Secretary of the Institut: 
the paper to which ^hey rela 


invite written communications (with a view to 
approved by the Committee) on papers publi^ed 
read at a meeting. Communications should reach 
not later than one i^onth after publication of 


With a view to the determin%fcion of the effect of 
ageing, an investigation has been put in hand, details 
of which are given in Clause 19. 

The Director of the E.R.A. vrill value comments 
and criticism from those who have occasion to use 
this Specification. 


I, DEFINITIONS AND CLASSIFICATION. . 

{a) Definition of non-ignitable, 

A non-ignitable ** material is one which when heated 
under certain prescribed conditions neither burns itsdf 
nor gives off inflammable vapours. 

(6) Definition of self-extinguishing, 

A “ self-extinguishing material is one which, under 
certain prescribed conditions, does not. continue in a 
state of combustion in air after the removal of . the 
external source of heat. . 

(c) Classification of non-ignitable and self-extinguishing 
boards and mouldings. 

Class A .—^This includes non-ignitable asbestos boards 
and mouldings made of asbestos fibre and a binder of 
soapstone or other similar natural clay. The material 
withstands repeated exposure to an electric arc in air 
or a flame of high intensity, and at the same time pos¬ 
sesses relatively high insulating characteristics bbth 
with regard to electric strength and resistance to surface 
breakdown. This class includes material used for arc 
shields on control apparatus and the like. 

Class B ,—^This includes non-ignitable asbestos boards 
and mouldings made of asbestos fibre and a binder of 
Portland cement, lime or similar material. The material 
withstands repeated exposure to an electric arc in air 
or a flame of high intensity, and at the same time pos¬ 
sesses relatively high insulating characteristics; both 
with regard to dectric strength and resistance to surface 
breakdown. This class includes matOTal used for arc 
shields on control apparatus and the like. 

Class C ,—^This includes non-ignitable asbestos boards 
and mouldings of a material that withstands repeated 
exposure to an electric arc in air or flame of liigh intensity, 
but does not necessarily exhibit high insulating charac¬ 
teristics, This class includes materials suitable for a 
large number of structural purposes and as barriers in oil 
switches, cubicles, and the like. The majority of so-called 
asbestos cements on the market fall wilhin this d^s. 

Class D ,—This includes self-extinguishing asbestos 
boards and mouldings of a material that i^thstahds * 
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application of an electric arc in air or flame of high 
intensity for very*^hort periods only, but possesses 
high insulating characteristics. This class includes th^ 
bitumen impregnated boards (frequently referred to as 
** Ebony " grades) which are suitable for terminal boards, 
relay boards, switchboards and the*^like. 

^ Class E .—^This includes asbestos millboard and similar 
mat^als made flrom asbestos fibre with the addition 
of a small amount of flexible binder. The material, 
although non-ignitable,^s seriously aflected with respect 
to its ph 3 rsical properties when subjected to repeated 
exposure to an electric arctn air or flame of high intensity. 

Note. —It is to be understood that the classification 
of materials given ab^ve must be verified by the results 
of the tests outlined in this Specification. 

n. METHODS OF TEST. 

Note. In view of the fact that individual specimens 
of the same material may vary greatly, it is necessary 
when determining a given property of the material to 
carry out tests on a sufficient number of specimens. 

In the case of mouldings, the material for test shall 
into the form of a board not less than J inch 
and not more than inch thick, from which the speci¬ 
mens shall be cut. 

1. Conditioning. 

Before the tests specified in Clauses 2, 3, 4, 6, 6, 7, 
8, 14, 15, 16, 17, and 18 are carried out the specimens 
shall be dried for 18 to 24 hours at a temperature from 
76® C. to 80® C. for Classes A, B, C and E, and 40® C. 
to 46® C. for Class D. The test shaU be conducted as 
soon as the temperature of the specimen has fallen to 
a value between 16® C. and 26® C. 

2. Determination of Thickness. 

The specimen shall be conditioned in accordance with 
Clause 1 before the thickness is measured. 

Measurements of thickness shall be made by means of 
a suitable ^crometer at ten points equally spaced 
around the sides of the board. The maximum, minimum 
and mean values of thickness shall be stated. 

3. Determination of Density. 

The specimen shall be conditioned in accordance with 
Clause 1 before the density is determined. 

A specmen 1J inches square shall be used to determine 
ttie density of the material. 

The area of the specimen shall be computed from the 
mean of five measurements of the length and the width 
respectively at points equally spaced along each of two 
^ges at right angles. The thickness shall be determined 
by making ten measurements with a suitable micrometer 
^uaUy spaced around the sides of the board, and the 
mean value shall be taken in computing the volume of 
the specimen. 

The usual precautions shall be observed in weighing 
file specimen, and the weight shaU be taken to the 
nearest inilligramme. 

The .density shall be expressed in terms of weight in 
grammes per cmS. 


4. Tensile Strength, Extension and Plastic Yield 
UNDER Continuous Load (not to be applied to 
Class E Material). 

The specimen shall be conditioned in accordance with 
Clause 1 before the tests for tensile strength^and extension 
are carried out. 

The form and dimensions of the specimen shall be as 
shown in Fig. 1. The thickness of the test bar shall be 
the thickness of the material. 

{a) The specimen shall be tested to ascertain the 
ultimate tensile strength and the extension on a 3-inch 
gauge length. 

The load shall be increased steadily at such a rate 
that the specimen breaks in approximately two minutes 
from the time of the application of the load. • 

The ultimate tensile strength shall be expressed in 
lb. per square inch. The extension shall be expressed 
as a percentage on the original gauge length. 

(6) The specimen shall be tested to ascertain the 
extension on a 3-inch gauge length when subjected 


3^- / H 
nacfius l j 


■ parallel- 


Wto!”- 


.JL 


Fig. 1. —Specimen for Tensile Strength and Extension Tests. 


continuously to a load of a value equal to one-third of 
the breaking load, determined by test (a). The load 
shall be maintained until the increase of strain ceases. 


6. Compression Strength (not to be applied to 
Class E Material). 

The specimen shall be conditioned in accordance with 
Clause 1 before the compression strength test is carried 
out. 

The dimensions of the specimen for test shall be I inch 
cube, the specimen being built up with several layers of 
the material when necessary. The layers of the material 
shall be bedded together by the application of an initial 
load of 300 lb. per square inch, and the first measurement 
of the length of the specimen shall be taken under this 
load, which shall be included in the load registered in 
each case. 

A series of tests shall then be carried out at a tempera¬ 
ture from 16® C. to 26® C. by the application of increasing 
loads of 1 600 lb. per square inch, each of which shall 
be maintained for one minute, and the yiel^ of the 
specimen shall be measured at the end of each weriod. 
The tests shall be continued until Ahe specimen has 
yielded 10 per cent of its original length, when measured 
as stated above, or the load has reached to about 6 tons 
per square inch. 


6. Shearing Strength (not to 3e applied to 
Class E Material). 

The specimen shall be conditioned in accordance with 
Clause 1 before the shearing strength t^t is carried out. 
A specimen 6 iifches long jjpd inch^ wide shall be 
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clamped in a shear testing jig so that both ends of the 200^ C. to 205^ C. for 24 hours, and shall then be 

specimen are sheared ofE simultaneously. subjected to an Impact Test as b^ore, as soon as the • 

The load shall be applied steadily and shall be in- temperature of the specimens has fallen to a value 
creased at a rate of approximately 100 lb. per minute between 16® C. and 26® C. • 
for each 1/32 inch thickness of the specimen. 

The pressure rec[uired to produce shear shall be Stiffness or Rigidity (not to be applied to 
computed on the total area of the sections sheared, Class E Material). 

and shall be expressed in lb. per square inch. The specimen shall be conditioned in accordance with ^ 

A suitable form of jig for the shear test is shown in Clause 1 before the test for stiffness or rigidity is carried 

Fig. 2. out. ^ 



Fig. 2.—Form of Jig for the Shear Test. 


7, Impact Test (Brittleness) (not to be applied to 
** Class E Material). 

The specimens shall be conditioned in accordance with 
Clause 1 before the impact test is carried out, 

(а) Specipens 3 inches long and 2 inches wide shall be 
.cut frdtn the board. The thickness of the specimens 
shall be the thickfless of the material. 

The specimens shall be subjected to test in an impact 
testing machine of the Izod type. The natural surface 
of the material shall be in the plane at right angles to 
the direction^of motion of the hammer. 

* The energy to cause fracture indicated by the machine 
•shall be expressed in foot-lb. and the thickness of the 
Bpecimens shall be stated. 

(б) Specimens similar to those used in the test 
described above shall bejijated at a temperature from 


Materials shall be tested for stiffness or rigidity hy 
the cantilever method as follows :— 

{a) The form and arrangement of the test shall be in 
accordance with Figs. 3 and 4. 



Fig. 3.—^Form of Test for Stiffness or Rigidity. 


The specimen shall be ffrmly fixed in clamps and the 
stirrup and scale pan placed in position as shown in 
Fig. 4. A measurement shall be made of . the unsup¬ 
ported end below datum as follows :— 

An inside micrometer shall be clamped above the 
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i&tirrup. The electric circuit shall be as shown in Fig. 4. 
•The micrometer screw shall be turned until the circuit 
is closed (as indicated by the voltmeter) and the micro¬ 
meter reading shall then be taken, 

Sm^l equal increments of load shall be applied and 


Young's Modulus E shall ®be computed from the 
following formula:— 


E 


bd^y 





^e conresponding increments in deflection measured 
immediately. Each increment of load shall be applied 
as soon as the deflection for the previous load increment 
has been read. Readings shall only be taken for the 
range during which the increment of load is proportional 
to the increment of d^ection. 

The dimensions of the specimen shall be as follows :_ 

The cantilever length shall be from 3 inches to 
12 inches according to the stiffness of the material. 

, The breadth of the specimen shall be one-fifth of the 
cantilever length. 


where W == average increment of lo^d, lb., 

I =5 cantilever length, inches, 
b = breadth of specimen, inches, 
d « tbdckness of specimen, inches, 
y == average increment of deflection, inches. 

When the final increment of deflection has been* 
m^ured as described above the load shall not be 
removed. The increment of deflection shall be re¬ 
measured after 1 minute, 10^ ioiinutes, 1 hour and 
18 hours respectively. * 
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After the IS-hour test#has been completed, tests at 
loads of 0*66 and 1*5 times the value of the load em¬ 
ployed in the 18-hour test respectively shall be applied 
to the specimen, and the increments of deflection shall 
be re-measured as before in the prolonged test. 

(&) Specimens similar to those used in the test 
described above shall be heated at a temperature from 
200® C, to 206® C. for 24 hours, and shall then be 
subjected to a stiffness test as before, as soon as the 
temperature of the specimens has fallen to a value 
between 16® C. and 26® C. 

Note: — A suitable form of knife-edge balance for use 
in the cantilever test is shown in Fig. 6 . 

9. Electric Strength. 

(а) Conditimiing of materiah 

The electric strength test shall be carried out after 
the material has been subjected to the controlled atmo« 
spheres given below. The test shall be carried out whilst 
the specimen is in the controlled atmosphere in each case. 

(i) Normal condition. 

The specimen shall be subjected to a controlled 
atmosphere, relative humidity 76 per cent, at a tempera¬ 
ture from 15® C. to 26® C. for 18 to 24 hours.* 

(ii) Damp condition. 

The specimen shall be subjected to a controlled 
atmosphere, relative humidity not less than 96 per cent, 
at a temperature from 16® C. to 26® C. for 18 to 24 hours. 

(iii) Hot condition. 

The specimen shall be subjected to a controlled atmo¬ 
sphere at a temperature from 180® C. to 186® C. for a 
sufficient period to ensure that the whole of the material 
has attained a temperature of 180® C. 

(б) Method of test. 

The oulput of the testing set shall be sufficient to 
maintain on the specimen the necessary potential 
difference for the maximum period required. The 
frequency of the potential difference shall be approxi¬ 
mately 60 cycles, and if any other frequency is employed, 
its value shall be stated. The wave shape shall be as 
near sinusoidal as possible. 

Note. —If the wave shape is not known to be satis¬ 
factory it should be checked whilst a specimen is under 
test and near the point of breakdown, and the necessary 
correction made to obtain R.M.S. values. 

The potential difference should be regulated by means 
of a suitable resistance in series with the field of the 
alternator. 

(c) £fectrodes. 

The upper electrode shall consist of a solid brass 
cylinder inches long and IJ inches diameter. The 
lower electrode shall consist of a flat brass disc 3 inches 
diameter and J inch thick. 

The sharp^edges shall be removed from the electrodes 
•but the radius of the edge shall not exceed 1/32 inch. 

(d) Method of expressing electric strength, 

A numbOT of tests shall be carried out on each material 

♦ This of relative may be obtaine<Lby the use of a solution 

of calcium chloride i» #ater, specifc gravity 1*22 at20" C. 


to determine the potential difference required to puncture 
it after various periods from half a jpfinute to such a time , 
that the value of the potential difference is independent 
of the time. The results 04 the tests shall be plotted 
in the form of a time-voltage curve, and the electric 
strength in volts p« mil at the end of one minute shall 
be computed. 

10. Surface Breakdown. 

The surface breakdown shall be determined after the 
material has been subjected td the contolled atmo¬ 
spheres given below for 18 t(^ 24 hours in each case. 

The test shall be carried out whilst the specimen is 
in the controlled atmosphere. • 


Atmosphere. 

Temperature, 

Ce 

Relative humidity, 
per cent 

Normal .. 

16 to 26 

76 * 

Dry 

76 to 80 

(See note below) 

Damp 

16 to 26 

Not less than 95 

Tropical .. 

45 to 60 

Not less than 90 


Note.— To obtain the “Dry” atmosphere, air at an ordinary room tem¬ 
perature and humidity shall be heated to tho temperature specified without 
artificial drying or humidifying. • 


The electrodes shall consist of either (a) two solid 
brass cylinders Ij inches long and IJ inches diameter, 
or (b) ^e electrodes specified for the electric strength 
test in Clause 9. The distance between the nearest 
surfaces of the two electrodes shall be 1 J inches in each 
case. 

An alternating potential difference of 600 volts 50 
cycles shall be applied between the electrodes, and shall 
be raised by increments of 260 volts each minute until 
the surface of the material indicates that an appreciable 
current is passing between the electrodes. 

The highest potential difference reached in this test 
shall be recorded and, if practicable, a measurement 
made of the leaJkage current. 

11. Shrinkage, Warping and Swelling (not to be 
APPLIED to Class E Material). 

The tests for shrinkage, warping and swelling shall 
be carried out after the specimens have been subjected 
to a controlled atmosphere, relative humidity 76 per 
cent, at a temperature from 16® C. to 26® C. for 18 to 
.24 hours.* 

(a) Shrinkage, 

Shrinkage shall be determined as follows: 

A specimen 4 inches square shall be cut from the 
material and the length, width and thickness measured 
after conditioning as specified above. 

The length and width respectively of the specimen 
shall be the mean of ten measurements taken at points 
equally spaced along each of two edges at right anglers. 

The thickness of the specimen shall be th 6 mean of 
ten measurements of thickness taken at points equally 
spaced aroimd the edges. 

The measurements shall be made by means of a micro¬ 
meter or other suitable method. 

The specimen sh^ be dried for 48 hours by heating 

This value of relative humjdijty may' be -obtained by the use of a solution* 
of calcium chloride in water, specific gravity 1’22 at 20* C, ' ' ’ . ' 
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♦ ^ ® temperature from 106“ C. to 

no C., and the length, width and thickness aiiaii flien 
be measured as before. 

Comparison shall be ma<*e between the mean values of 
tte dimensions before and after the heat treatment, and 
^the percentage differences computed on the original 
mean values respectively shall be stated, the original 

* meafi values being given. ° 

(b) Warping. 

Warping shall be determined as follows : 

. A specimen 12 inches square shall be placed on a flat 
than 14 inches square, and a flat metal 

specimen, 

Th?w«-Si+ specimen coincide. 

The weight of the upper plate shall not exceed 1 Ib. The 
distances between the four comers of the under surface 


shaping machine and drillingf with a drill of diameter 
equal to the thickness of the board. 

r. “f* ^ material, the sample shaU be 

punched and cut witii shears. t' im oe 

CT. 1 ^* material with regard to cracking 

sphtting, chippmg or raggedness shafl be stated. 

r 

13. Effect of Oil (not to be applied to Class D 
Material). 

immersed in mineral oil having a 
do^ flash pomt not less than 260" C.. for seven dfvs 
TOntmuously at a temperature from 200“ C. to 205” C 
specimen after immersion shaU be 

bhSinrt>/®®^®°* to warping. spUtting, swelling, 
Diistenng, softemng or other deterioration. 


- 6 '--^ 


iuse 



Fasevriie-hristed 
TOimdlioltaiid 
.^claiiiped hei^een 
\ a-wdshers 

itisulatiiig loard 

“ >■ » 

^ “ II 


{c) Swelling. 

Sw^g shall be determined as follows : 

beexpcSdto^a^SSrfste^^r^ ^^f shall 

from 106“ C to 110“ C and ., “^'?“”®^S’*®mperature 

"• - 
■ c ^ ~ B, 


Rrcmt ^evatioiL 

Fig. 6 .—Arrangement of Fuse Wire Test. 


14. Absorption of Water. 

_ The spTOmen shall be conditioned in accordance with 

a.«« 1 Wo,, a. .......b«,q,H„T 2 S 



WA S closed B. v^il eurrear is lOO .rznjsenaa 
Open S to Mow fuse F. 

of Connections for tuse Wire Test. 
The dim^ons of the specimen shall Jse U inches 

2 * l»«s- 
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and, after removing the* surface naoisture by wiping, 
weighed again. 

The specimen shall then be replaced in the water. 



nmm. dia. scilid carbons iiidiTied 
at ecfto cue another eaui at 90°to 
Siurface of ^ecimen 

NOTE:- MtJi 290 mlta an arc at z mm. can Jbe stmck and 


jucLJLiLLOducu oiUM. culu uu£> rutiaQC 

Js recommended for nse wJienever convenient 


Fig. 8.—Arrangement of Carbon Arc Test. 


When it is desired to determine the absorption in the 
direction normal to the surface of thd materi^, the edges 
of the specimen shall be coated with a waterproof 
varnish before the test for jvater absorption is carried 
out. 

16. Fuse Wire Test. 

The specimen shall be conditioned in accordance*with 
Clause 1 before the fuse wire t^t is carried out. 

The specimen shall consist of two pieces of the 
material each 7 inches long, 8 inches wide and not leips 
tlian 3/16 inch thick, clamped together by two bolts 
6 inches apart, the latter acting a^ terminals for the fuse 
wire. The fuse shall consist of a 0*036 inch diameter 
copper wire laid centrally between the two pieces of the 
material, the general arrangement being shown in Fig, 6. 
The wire shall be fused by being switched across a 
600 volt d.c. circuit, in which there is a total non- 


and after six days* immersion re-weighed with the same 
precautions as before. The weight shall be tal^en to 
the nearest milligramme in each case. 






Plan 

. Fi^. 9.—^Dimensions of Meker Burner, 

The percentage absorption of water in each case shall 
be computed on the original weight of the specimen; 
and the original thickness of the specimen shall be 
stated. 



Fig. 10.—^Arrangement of Mdker Burner Test. 

inductive resistance of such a value as to limit the current 
to 100 amperes. 

A convenient method for ensuring that the current 
through the fuse is of the required value is shown in 
Fig. 7. 

The test shall be repeated on the same specimen at 
intervals of two minutes until the material fails to 
extinguish the arc or its surface fuses, disintegrates or 
carbonizes. The number of times the fuse may be blown 
before this state is reached and the condition of the 
surface shall be recorded. If no disintegration has 
taken place after 10 tests, the condition shall be recorded 
at this stage. 

For acceptance tests on materials for specific purposes 
the number of applications of the test which the material 
niilst withstand without showmg a well-defined change 
shall be stated. ^ 
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. 16. Carbon Arc Test. 

‘ The specimen shsilVbe conditioned in accordance with 
Clause 1 before the carbon arc test is carried out. 


fToxE.—^When using material thinner than 3/16 inch 
for a given purpose, the sample tested should be of the 
thickness employed for that purpose. 


woolrpaeMug 
l^ilot light 

Grade!)_^ 

: resistduce ^ 
riliboaijizdtErns ^ 



Gas pipe 
ThieniK)-coapLe 
Silicaa-cpiartz tiibe 

•Brass tiibe iiLTou^ 
wMditlienrio-ccn^ 
^ides 

Specimen z x ^ xT 
'Brass tobe 5"dia. 


_ Galsro. 
termraals 

^nthetic 
^ resin 
Ivami^-paper 
Board 

■r 

'^ogas 
mams 





iriieu^ecimfen sbaU consiat of a flat sheet of the 
J^enal... Fortestiing the properties of a giyen,material 
tte sample shall be not less than 3/16 inch i. . i 


Fig. 11.—Arrangement of Radiant Heat Test. 

The sp«5imen shall be placed on a horisontal base of 
as^tos slate or other similar heat-insulating material. 
The arc shall be obtained between two. solid»«arbons 
. 1 .”^ diametOT inclined at an angle of 60“ tff each 
othm, with their plane set at an an|;le of 90® to the 
^rface of the specimen, the carbons l^eing arranged to 
travel just clear of the surface of the specimen. The 

specimen by the magnetic field 
estebhshed by the current in the inclined ejartons 
The supply to the arc shaU be connected throiigh a ' 
sjyi^ an adjustable resistance and an ammeterf A 
voltmeter shall be connected ac^ the arc, The general 
9,;rr^gempiit of the test is shown in Fig. .8, 

The carbons shall be operatjd.by hand,.the arc stmols. 
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and quickly adjusted tcJ 10 amperes and 46 volts, 
being maintained steadily at this value, which corre¬ 
sponds to an arc length of approximately 3 mm. The 
•eifect of exposing the specimen to the arc for 15, 30, 60 
seconds respectively, and if necessary for longer periods, 
shall be recorded. 

For’acceptance tests on materials for a specific pur¬ 
pose,, the duration of applications of the arc shall be 
stated. 

Note. —The mechanism and fittings of arc lamps sold 
for use in projection lanterns will be found suitable for 
the purpose. 

«r 

17. MiKER Burner Test. 

The specimen shall be conditioned in accordance with 
Clause 1 before the M6ker burner test is carried out. 

The specimen shall consist of a piece of the material 
3 inches long, | inch wide and of thickness equal to the 
thickness of the material. The specimen shall be sup¬ 
ported iijL the flame of a 1-inch M6ker burner of the 
dimensions shown in Fig. 9. The specimen shall be 
placed with its axis horizontal and with the J-inch 
dimension facing the fiame and 2 inches above the 
top of the burner, the end plane of the specimen being 
vertically above the edge of the burner as shown in 
Fig. 10. 

The calorific value of the gas used must be known and 
shall be between 400 and 600 B.Th.U.*s per cubic foot. 

The time before the specimen ignites shall be noted, 
and the constant JC of the material shall be calculated 
from the following formula :— 

TO pPerimeter (inches) minus one horizontal"! 

^ 50 O L (inches) J 

where T = time in seconds before the specimen ignites, 
O = calorific value of gas in B.Th.U.’s per cubic 
foot, 

• A = cross-sectional area of specimen in square 
inches. 

18. Rauiant Heat Test. 

The specimen shall be conditioned in accordance with 
Clause 1 before the radiant heat test is carried out. 

The specimen shall be 2 inches long, ^ inch wide, and 
of thickness equal to the thickness of the material, 
provi&ed it is not more than J inch thick. If the 


tliiclaiess of the material is over | inch the specimen 
shall be cut down to ^ inch thick. . • 

The specimen shall be suspended in the apparatus 
shown in Fig. 11 so that its ypper end is 6j inches below 
the top of the tube. The pilot flame shall be arranged 
I inch above the upper end of the specimen. The air 
shutter shall be kept closed. « 

The temperature of the tube shall then be unifcjjrmly 
increased at a rate of 3 000° C. per hour and the tempera¬ 
ture at which tiie material ignitqg shall be noted. Wlien 
the material has ignited the specimen shall be lowered 
into the lower part of the appd!:atus to the level indicated 
in Fig. 11, and it shall be noted whether or not the 
material continues to burn. For1:his latter part of the 
test the air shutter shall be open. 

Note. —If the apparatus is constructed to the dimen¬ 
sions; and of the material indicated in Fig. 11a constant 
current of about 9 amperes will give the correct rate of 
temperature rise. 

19. Ageing. 

j^OTE.—The study of the effect of ageing on the 
materials covered by this specification is one of con- 
sid^able importance, and boards of each class haje 
been procured and are being stored in an ordinary atmo¬ 
sphere in an unheated building freely ventilated for 
periods of 6, 12, 18 and 24 months respectively. 

To determine the effect of ageing the following investi¬ 
gation has been put in hand:— 

The complete series of tests outlined in this specifica¬ 
tion is being carried out on representative materials at 
the commencement of the investigation, and will be 
again carried out at the end of two years. The following 
tests onlj^ will be made at the end of each six monthly 
period:— 

Impact Test (Clause 7), 

Carbon Arc Test (Clause 16), 

Shrinkage T^t as follows :— 

A circle approximately 12 inches diameter to be 
inscribed on the sample, and. the diameter measured 
accurately in the longitudinal and transverse directions 
respectively of the board, at the commencement of the 
investigation. The diameters of the circle to be measured 
again at the end of each of the six monthly periods' 
and the percentage shrinkage in the longitudinal and 
transverse directions respectively to be computed on the 
original values. 
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WIRELE^ SECTION: CHAIRMAN'S ADDRESS 

By E. H. Shaughnessy, O.B.E., Member. 


^ (Address delivered Sth November, 1924.) 

In my address last year * I gave particulars of the 
aevelopment of coupled ffircuits for arc transmitters of 
small power, and stated that the Post Office had decided 
to proceed with the* installation of a coupled circuit 
for the 260-kW arc at Leafield. I am now able to say 
that we have completed and brought into commercial 
use the^ coupled circuit. To-day no trouble from 
mush" or harmonics is observed and it is possible 
to recmve broadcasting in close proximity to the station. 

The pnE^ condenser is made of steel tanks 
17 alununium plates immersed in oil. Each unit has 
a capacity of 6 600 /tjnF, and four units are joined in 
parallel. The cpnden^r contains 5 000 gallons of oil 
^d weighs 26 tons. Under working conditions the 
^iid^er may handle as much as 260 amperes at 
p360 m. The vor^g voltage (R.M.S.) is 68 000 
(equxv^t to a peak value of 96 000), and the energy 
handl^ u 18 000 kVA. The oil is cleaned and dried 
by a De Laval dehydrator and there has been no break¬ 
down of the dielectric in use. The losses in the con- 
denser are extremely small. 

The primary coil is of copper strip made up in 8 flat 
^iraJs each containing 8 turns. The strip is carried 
toect on wooden spiders. The four Iowa: spirals can 

~,® top tour, the whole thus con- 

stitutmg a large variometer. 

The coupling between the aerial circuit and the 
primary circuit is obtained by inserting a fixed coil 
of 4 turns of copper strip in the aerial circuit, and inside 
ttus a rotatable coil of 4 turns of copper strip which 
K ejected to the primary circuit. This coupler is 
found to. have a tendency to warm and is being replaced 
by one made of stranded wire. 

remembered that the examples which I 
r coupled circuits applied 

to 26-kW and 40-kW arcs, and I mentioned that it had 
Cieffli found necessary to consume about 26 per cent 
more power than when the arcs wme used on direct 
^al cttrnte. It is therefore very interesting to note 
arcs at Leafield when used on 
u 360 m thwe IS no increase in the power consumed 
for the coupled circuit over that required for the plain 

SSly'^Si consumption is 

. T3q)ica Ir^Its on 12 360 m are that with 237 kW 
i^ut on plain aerial an aerial current of 264 amperes is 
obtained, whilst an input of 230 kW produces a ^ary 
^cnit current of 220 amperes and an aerial cment^ 

249 amperes. 

Sign^g is stm done on the marking and spacing 
^ves by varying the inductance of the primary i^cuit 
tne secondary or aerial 


This is the largest coupled arc in existence working 
regularly and satisfactorily, and the constancy of the 
frequency is extremely good. The whole of the con¬ 
struction work was done by the Post Office Engineming 
Department and the arrangements are mainly due to 
Mr. A. J. Gill of that Department. 

Aerial Toning Coils. 

It is graierally understood that stranded wire is 
bettCT for aerial tuning coils than copper strip, but, 
nevertheless, one sees copper-strip coils used and carrying 
several hundred amperes in high-power stations. 

At the Northolt station a copper-tube coil was in use 
which had a very high resistance of about Si ohms. 
It was decided to replace this with a stranded-wire coil 
made up on wooden pancake spiders. The cable was 
made up of 729 strands of No. 33 S.W.G. enamel- 
EMulated wire. When the cable was tested it was found 
that the insulation between wires and strands was 
faulty. It was decided to make up this cable into a 
cod and test its properties whfle a new length of 
cable with slightly thicker enamel insulation and silk 
insulation round each group of 81 wires was being 
manufactured. ^ 

When the faulty cable was made up into the coU and 
1 adjusted to give an inductance of 

resistance was 2 • 06 ohms at a frequency 
of 43 kilocycles. A similar coil was then made with 
the new cable and when this was adjusted to have a 
^ resistance was only 0* 776 ohm 

at 43 Mocydes. It wiU thus be seen that the insulation 
of the mdividual wires is a very important matter. 

Table. 

Decrements of Faulty and Good Cable. 


Faulty cable 

Good cable ^ 

At frequency of 

At frequency of 

20 kilocycles 

40 kilocycles 

25 kilocycles 

6A l^cycles 

0-0044 

0-012 

w 

0-0044 

0 0040 



S' 



- .r -Mumary circuit 

the secondary or aerial circuit not being altered in tune! 

* Journal 1.EM., 1924, vol. 62, p. 61. 


Tests on Dielectric Properties of. Different 
Woods at High Frequencies. 
pother matter of importance in the design of 
mdwtance toiIs for high-power stations is the selection 
of the mat^ iot supporting the cable, and an 
exhaustive test of variousr ^naterials- under high- 
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frequency stresses has shown that most of the insulating 
materials available tend to become hot and in many 
cases end in smoke under the prolonged application of 
high-frequency voltage. In the course of my address 
last year I showed samples of vitrified porcelain which 
had aracked and from which molten porcelain had 
oozed out, and I stated that good dry whitewood with¬ 
stood the tests as well as anything else. 

On the grounds of economy and also of ease of 
make-up, wood offers distinct advantages over other 
insulators for the manufacture of large inductance 
coils for use at radio frequencies. Unfortunately there 
appears to be no information available as to the pro¬ 
perties of the various kinds of woods for this purpose, 
and accordingly, in order to obtain such information, 
samples of a number of different varieties of wood 
were obtained and subjected to a practical test. 

The samples were all cut to a standard size, i.e. 
1 in. X 1 in. x 4 in. long, and were arranged in a 



Fig. 1. 

symmetrical manner between two copper plates con¬ 
nected across the tuning inductance of an arc oscillating 
circuit tuned to approximately 6 800 m. 

The voltage was applied and increased gradually, 
until,particular samples began to smoke and bum. 
These samples were then removed, and the voltage 
was further increased. Fig. 1 shows the steps in which 
the voltage was raised and the length of time during 
which •Sa^h particular voltage was applied to the 
sample. ^ 

The point in the test at which each sample was 
removed on shelving signs of failure is indicated by 
the point at which the name of the wood appears. 
It will be seen that the samples of American whitewood 
were superior to those of any other wood tested. Sub¬ 
sequent tests carried out on large numbers of samples 
of this wood at a voltage of approximately 36 000 
amply confirm the results of these tests, and in no case 
has any ctaning or undue heating been observed. 

In the case of one saftiple special arrangements were 


made to increase the voltage, and a flash-over occurred 
between the metal plates at 66 o5o volts, the wood • 
samples remaining undamaged.* 

Inductance coils have been made up using this kind 
of wood and have gyen every satisfaction under working 
conditions. Such a coil at Northolt radio station has 
proved itself capable of carrying a current of 11^ 



Fig. 2. 


amperes, the voltage at the aerial end approximating 
to 60 000. 

Method of Measuring the Electric Field under 
THE Aerial. 

So much has been written about the earth arrange¬ 
ments of various high-power stations that it would 
appear that very low resistance can be obtained from 
either elevated screen wires or buried earth wires led 
back on distributing elevated conductors with induc¬ 
tances inserted to balance the currents which each of 
these carries. 

As a preliminary investigation into the character 
of these clainas it was decided to explore the field under 
the aerial at Leafield. To this end the following experi¬ 
ment was carried out. 

The fact that a neon tube, when held in a strong 
electric field with one electrode earthed and the other, 
raised above the earth, glows when the potential drop 
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from the insulated electrode to earth equals the striking 
# voltage of the tubef was used as the basis of the method 
of measuring the electric field. The strength of the 
electric field in volts per rfoot is obtained by dividing 


of the pole, the other beings attached to a steel tape 
which could be raised or lowered at ydll by means of 
a string passing over pulleys. The wooden cross-arm 
was necessary to prevent the tape from earthing on 



Djshrfce to 'faet 


Fig. 4. 


the striking voltage of the tube by the height in feet 
of the insulated electrode above the earth. 

The apparatus devised for these measurements was 
M^ustrated in ?ig. 2. The neon tube was mounted 
1 ft. from tile base of a wooden pole 12 ft. long. One 
electrode; was connected to the metal spike .on the base 


the pole, and also to minimize the capacity to earth 
between the tape and the pole. 

The method of making a measurement was as 
follows:— 

"ae spike was driven into tiie ground, which sufficed 
to hold the pole'in a verticpj'iposition.. The observer 
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Stood 4 paces froin the pole and raised the tape until 
the tube commenced to glow intermittently and the 
keying could be read. The length of the tape which 
had been dra^?ra out was noted, and the field strength 
was calculated as previously described. It was necessary 
for the observer to stand 4 yards from the pole, owing 
to his screening effect. At a shorter distance than this, 


that the earth system has no appreciable effect on the 
distribution of the electric field Tm(^^ the aerial. ^ , 

The curve in Fig. 6, taken down the centre line of 
the aerial, indicates a slight increase in the strength 
of the field towards the end furthest from the station: 
The effect of une^^en ground on the field strength 
indicated that a rise in height of 6 ft.; or 2 per cent« 



when the tube was glowing any movement on the part 
of the observer towards the pole caused the light to 
go out. 

The Strength of the Eiectric Field under the 
Leafield Transmitting Aerial. 

The lettered dotted lines on the inset plan of the 
aerial system in Fig. 4 indicate the lines along which 



readings were taken, usually every 26 ft. The earth 
system, shown iih Fig. 3, extends only so far as midway 
between the second and third pair of masts. Ftom 
an inspection of the curves in Fig. 4 it will be observed 
that at a distance from the edge of the aerial equal 
to its height (300 It.) there is a field of one-third the 
maximuih intensity which occurs down the centre lines 
of the aerial. As would be expected, the field imd^ 
*^e lead-in, curve A, is much stronger than elsewhere, 
it is apparent^ there^i%,«from the curves B, C and D 


of the total height of the aerial, caused a much greater 
percentage increase in the field strength. 

The curves in Fig. 6 illustrate the screening effect 
of the masts and stays. 


Projected Rugby Station. 

I should like now to say a few words about the Rugby 
station. The general design of this station is due to 
the Wireless Telegraph Commission, consisting of 
Dr. W. H. Eccles, Mr. L. B. Turner and rnyself, and 
the erection is being undertaken to this design by the 
Post Office Engineering Department. 

The site is at Hillmorton, about 3 miles from Rugby, 
and is about 900 acres in extent. The wireless building 
is to be about the centre of the site. Twelve steel 
masts, 820 ft. high and spaced 1 320 ft. apart, are being 
erected. They are of lattice-steel construction, triangular- 
in form with 10-ft. sides, and are being built by Messrs. 
Head, Wrightson and Co. of Thornaby-on-Tees. Each 
mast is supported on a ball-and-socket joint resting 
on a series of 12 porcelain insulators, the whole being 
supported on a granite block carried by a stanchion 
fijLed to the foundations. A hoist is ptovided inside 
each mast -with a platform at each position where 
stays are terminated, and there is also a continuous 
ladder from the bottom to the top. The mast is 
designed to stand a wind pressure of-60 lb. per sq. ft. 
of exposed surface and to support a horizontal load 
of 10 tons and a vertical load of 3 tons due to the 
antenna pull at the top. 

The insulators are of special porcelain of fiat circular 
shape, 8 in. diameter and 3|- in. thick. Each insulator 
has to withstand a test pressure of 26 000 volts at 
60 000 cycles per second for 6 hours without showing^ 
signs of heating and is, in addition, subjected to a test 
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load of 270 tons. Each mast will have three sets of 
five stays anchored ^t 200. 400 and 600 ft. Stays are 
of lol No. 10 S.W.G. wires laid up straight. 

19 consist .of a continuous sausage of 

supporting steel rope being carried 
an<> wound on a winch 
•wth shpping gear which will aUow it to pay out when 
the pension exceeds 10 tons. 

The primary circuit consists of a stranded wire cable 

oo?i ^“biligr mica condensers. The aerial 

coil wm also be of stranded cable. Three-phase power at 
50 cycles per s^. and 12 0DO volts is to be obtai^U from 
e ^icestershire and Warwickshire Electric Power Co. 

volts each are 
“ series as required, so that 
mLh- ^ ^ ’^® obtained. These 

“^® Thomson- 

Himston Co. Water-cooled valves, each havimr an 

±h^* ^®™S made in this count^- by 

hiahT,^*®^“ Electee Co., wiU be used to make ^the 
high-frequency generator. ^ 


General Review. 

aift '®'”®V' *be development of the 

engmeermg and to observe the influence 
of various workers in different parts of the world In 
^ counipr Marconi introduced the It^ 
mth elevated aerial and connected earih syst^ in 

Jf aeriaV?®^®“ T'' the important principle 

^ aen^ tunmg by means of a loading coil and 
Mariam Company's coupled-circuit sp^k system 

SCCtI “^®- The Marconi Co. frnth™ 

elop^ th® spark system so that, by timiT<.» the 

iC^Sre 5 '^h°^ '^®^® each other 

SoS ^ ®°“tbious-wave system was 

*•„ , Stavanger station of about 200 kW 

C sn^k Suffice it to sZ 

systems are now confined to small powere 
T s^ces such as ship and shore work. ^ 

n 1900 Dnddell introduced the aingi-nf r arc which 

J^OOylS.d^it’^^ ^ulsen for use at radif frequencies 
cf IhhfV * 1 *® strange that very little devdopment 

Telegraph Co Cif *4 ^ ““til after the Federal 

leiegraph Co. of America had built lOO-kW arcs some 

EiJSuCSi ®‘®®® *^® federal Co., Mr 

In lona T7I • “® “ commercial use. 

as a detettS “®lon?n"r®^ '*® ^•v^°-®l®®trode valve 
electrode iC+o +h ^® introduced the third 

£“r ““i 

these properties were adopted for use dnrihir 
for both sending and receiving. Valve sendiM sf 
y to an output of about 200 kW have be^devdopS 


by the htoconi Co. in this country and by the American 
Telegraph and Telephone Co. in America. 

In An^ica Fessenden and Alexanderson proposed 
te fiigh-frequency altem&tor^ aJd a^ 

a^ack as 1908 Alexanderson produced a 2-kW 
generated directly a^frecjuency of 
"'““S “t 20 000 r.p.m. To^day^the 

"i!® bigb-frequency alternators^with 
datic frequency-changers, the Radio Corporatfcn oi 

t^ SciltT^p^ 200-kW Alexanderson alte^atois and 
Radio-Electrique use Latour- 

mes, although I beheve that a general interchange of 
th^s® of each other’s patents is in operation. ® 

tel^^h®®t”* long-distance radio 

telepaphy has b^ the result of the efforts of manv 
^rkers to ^tablish the art on a basis whare it can 
of^,^ good Md speedy a service as any other form 

i^t ordm^y telegrams should be sent over radio 
routes wthout any initial delay. It has been well 

Stend tte SI “TJ; “ °^der to 

A T 1 . 4 . hours of reliable communication of the 

ayhght houK—which are the business hours—higher 
'^''ve-lengths have been found to 
be more effective as the distances increased. These 

bTt r® hiongbt about improved results 

o£th^ appreciably increased the cost of erection 
of Sie 82o1t® ® Wgh-power station. The cost 

I £16 000 ^9 ”f ^ ^® “3^g from £12 000 to 

I *16 000 , and 12 such masts with aerial and earth 

^sterns Mmplete may cost from £160 000 to £180 OO? 

^‘ 8 b-power world-wide station may 
b. b^ £400 000 aad £500000, «,ri to or0« 
institute a service two stations are required The 
smima^ depreciation on these amounts are heavy 

aZnn^"f® expenses may 

amount to from £70 000 to £96 000 per station par 

annum, according to the amount of traffic dealt with ^ 

for tee\'^''® *^®® systems 

lor tee mtanal eqmpment of high-power Iona-wave 

th<» Pn 1 the high-frequency alternator 

St SetoS.ta.’^tod Z S 

reached a stage where it can definitely be 
The ^ nf '^®®* survive the test of ^e 

and ^ th?° ^®^®fapl^y « now about 30 years old 
, electric lighting and pQ»Rer the 

<toS’Sed ^““‘ismental patents has prac&aUy 

7 ®®®* **^® s®^^ and earth 

of ehmma^ disturbances from tee PoXte-S 

Ste“’ be said to be by no means 

oDsoiete. It has advantages of its own in that it is 
v«y mtopl. to ™:k „d to.^, cn.ta .StJ .p 
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quickly and can have its working wave-length changed 
fairly rapidly. 

Marconi, who, with Franklin, has been working 
with short waves since 1916, has recently described 
their latest development of the use of the beam system 
working on 9t m, and from his experiments concludes 
that with comparatively small powers and on short 
waves good communication can be obtained over 
extreme distances during the hours of darkness—an 
average of 7 hours per day—^while over much shorter 
distances (2 670 miles) an average of 18 hours* com¬ 
munication per day can be obtained, the communication 
to be at the rate of 100 words per minute, exclusive 
of repetitions to secure accuracy. 

The Post Office has entered into a contract with the * 
Marconi Co. for the latter to provide a station to work 
to Canada as above at a cost of £60 420—the station 
to be capable of extensions to work to South Africa, 
India and Australia simultaneously, each extension 
costing £31 406.' 


I It will be seen that, as the capital cost of these 
stations is low, depreciation and interest will be low 
and the power will also be comparatively low, but the 
cost of operating will depend.upon the number of hours 
during which communication is satisfactory, and also 
upon the rate of wofking. 

From our knowledge of the art it seems essential 
that high-power long-wave stations must be er^ted 
in order to provide for a full and regular Imperial 
telegraph service in which there ghall be no initial delay 
due to ordinary telegrams having to be kept in hand 
until the favourable hours of*worldng arrive, and also 
to be able to reaph any and all parts of the Empire at 
any moment. • 

The erection of the short-wave beam stations will 
show to what extent they can assist in cheapening the 
cost of transmitting the less urgent forms of telegraph 
traffic and in reducing the number of high-power 
stations required in this country to meet the demands 
of a full Imperial radio-telegraph scheme. 
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Honorary Member. 

At the Ordinary Meeting of the Institution held on 
the 6th November tlie President announced that the 
Council had that day elected Sir Oliver Lodge, D.Sc., 
F.R.S., to be an Honorary Member of the Institution. 

^ Slimmer Meeting, 1926. 

The Council have accepted an invitation from the 
Chairman and Committee of the South Midland Centre 
for a Summer Meeting of the Institution to be held in 
the Midlands in June 1925. Full particulars will be 
announced later. 

Norsk Elektroteknisk Forening. 

At the request of the above Society the Council have 
agreecL to the mutual granting of facilities and. privileges 
as Visiting Members to members of the two societies 
visiting each other*s country. 

Members who intend to visit Norway and wish to 
avail themselves of this arrangement should apply to 
the ^cretary of the Institution for a letter of intro¬ 
duction to the Norsk Elektroteknisk. Forening, stating 
in what branch qf the profession they are engaged and 
giving the name of the firm or company (if any) with 
which they axe connected. 

• " Qrilbert’s Treatise on the Magnet. 

The Gilbert Club, which was recently wound up, was 
formed in the autumn of 1889 with the primary object 
of translating and publishing William Gilbert's 
classical workmen th^ 5 a|gnet, first published in Latin 


in 1600. Ten eminent scholars, including Mr. Latimer 
Clai-k, F.R.S., Sir Joseph Larmor, F.R.S., Prof. Meldola, 
F.R.S., and Prof. S. P. Thompson, F.R.S., undertook 
this work, which appeared in 1900. The title-page 
reads as follows: 

William Gilbert of Colchester, Physician of 
London. On the Magnet, Magnetick Bodies 
ALSO, and on the great magnet the earth; a 
new Physiology, demonstrated by many argu¬ 
ments and experiments. London, Imprinted at 
the Chiswick Press, anno MCM 

It is a page-for-page translation of the 1600 edition 
containing the numerous woodcuts, in facsimile, which 
appear in the original. 

The edition, which was limited to 260 copies printed 
on hand-made paper, is a fine example of t 5 q)ography, 
and is bound in grey-blue boards with linen back. 

On the winding up of the Club, it was decided to 
present its assets, consisting of a sum of £40 6s. lid. and 
the last 34 copies of the treatise, to the Institution for 
the benefit of its Benevolent Fund. The Council are 
prepared to dispose of these volumes at a price of £6 6s. 
each, the full proceeds to be devoted to the Fund. In 
view of the small number of copies for disposal, members 
of the Institution are given the first opportunity of 
acquiring the work before it is brought to the notice 
of librarians. A copy is available for inspection in 
the Library of the Institution, and applications for 
copies should be addressed to the Secretary. 
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National Certificates and Diplomas in Electrical 

•Engineering. 

The following is a fmrfcher list* of colleges, schools, 
etc., which have been approved tinder the scheme 
drawn up by the Board of Education and the Institution. 

Approved for Ordinary Grade Certificates [Senior Part- 
time Course) :— 

Birkenhead Technical School. 

Bournemouth Municipal College. 

Nelson Municipal Technical School. 

Walsall Municipal Instijfute. 

Wimbledon Technical Institiite. 

Approved for Higher Grade Certificates [Advanced 
Part-time Course) :— 

Burnley Municipal College. 

Gillingham Technical Institute. 

Salford Royal Technical College—^Apprentices' Day 
Course. 

International Commission on Illumination. 
Report by Lieut.-Col. K. Edgcumbe on the Con¬ 
ference HELD AT Geneva, 20^26 July, 1924. 

Previous sessions, —^The International Commission on 
Rumination held its first meeting in 1913 at Berlin, 
its second at Paris in 1021, the meeting at Geneva 
being the third. 

Officers, —The present officers are as follows :— 
President: Dr. E. P. Hyde (U.S.A.). 

Hon. President: M. Th. Vautier (France). 
Vice-Presidents: M. G. Semenza (Italy), Lt.-Col. 
K. Edgcumbe (Gt. Britain), M. Rouland (France). 

Hon. Secret^ and Treasurer: Mr. C. C. Paterson 
(Gt: Britain). 

General Secretary : Mr. J. W. T. W’alsh (Gt. Britain). 
Constitution, —^The constitution and working of the 
Commission are on similar lines to those of the Inter¬ 
national Electrotechnical Commission, except that the 
National Committee in each country is, by statute, 
constitute by a combination of the electrical interests! 
the gas interests and those of any society or body 
dealing particularly with illumination matters. 

British National Committee, —^The British National 
Committee is composed of five representatives from 
the Institution of Electrical Engineers, five from the 
Institution of Gas Engineers, five from the Illuminating 
Engineering Society and two from the National Physical 
Laboratory. 

delegates,—In the case of the British National Com¬ 
mittee, the delegates to a plenary meeting are nomi¬ 
nated by the representatives of each constituent 
Institution and are submitted to that Institution for 
approval. The nominees of the Institution of Electrical 
Engineers were Lt.-Col. K. Edgcumbe and Mr. P. Good. 
At the last moment, Mr. P. Good found it impossible 
to attend and, with the concurrence of the President, 
Mr. J. M. G. Trezise of the Post Office was nominated 
to fill the vacancy. The British delegation comprised 
five other members, in addition to Messrs. Paterson 
and Walsh who attended in their official capacities. 

Other delegations, —^In addition to Great Britain 
the following countries sent delegates: France, Italy, 


Japan, Poland, Switzerland and the United States of 
America. Belgium and Spain were unable to send 
representatives. 

Proceedings at the meeting ,—The subjects dealt with 
at the Conference may be grouped as follows :— 

r- 

Nomenclature and symbols. ^ 

Photometry, witli particular reference to the measure¬ 
ment of light difiering in colour. 

Standards of light. 

Street and public lighting. 

Lighting of schools and workshops. 

Automobile headlights. 

Industrial lighting generally. 

A number of definitions were adopted, supplementing 
those agreed to in Paris in 1921. An International 
Committee was, moreover, set up to draft, in col¬ 
laboration with the National Committees, bai agreed 
vocabulary of terms used in the literature of illumination. 

A comprehensive report on the subject of school 
and factory lighting was presented by the International 
Committee. Its recommendations were adopted and 
it was resolved that this report could usefully form 
the basis of any regulations which might be introduced 
in the various countries. It was strongly felt, however,, 
that it was premature to lay down any legal minima. 

The reports of the Motor Car Headlights Com¬ 
mittees of France, Great Britain and the United 
States of America were closely studied, and it waa 
agreed that to draw up any definite recommend'ations, 
in view of the present state of the industry, would be 
inadvisible. The International Committee was re¬ 
appointed and all National Committees were asked to- 
take up this question as an urgent matter, more par-, 
ticularly in view of the likelihood that an International 
Conference dealing with automobile matters might 
be summoned at an early date by the Governments- 
concerned. Arrangements were discussed with a view 
to ensuring that the International Commission on 
Illumination should be effectively represented at any 
such conference. 

The question of the education of engineers and the 
public generally in the advantages of good lighting 
aroused considerable interest, and it was agreed to* 
allot to this subject an important place in the pro- , 
gramme of the next meeting of the Commission. 

Next meeting ,—It was decided to hold the next 
plenary session of the Commission in 1927 in the United 
States of America. * 

Students’ Visit to Lyons. 

In August last the Students' Sections qj^goiiiized a 
visit to France at the invitation of the S^ci6t6- 
Fran 9 aise des Electriciens. It was decided to visit 
only one locality rather than travel from place to place: 
as on previous occasions, and Lyons was chosen for 
the venue. Through the courtesy of Mr. J. Grosselin,. 
Local Honorary Secretary of the Institution for France, 
and Mr. Dumont of the Soci6t6 Fran9aise des Elec-* 
triciens, a very attractive programme was arranged. 

The party, numbering 26, left London on Sunday,. 
3rd August, arriving in Lyons the following morning, 
where they were' met by Rividre,^ who acted as* 
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guide to the party throughout the visit. The afternoon 
was spent in sight-seeing, after which the party visited 
the Lyons Fair, a large ferro-concrete building in 
which the Annual International Fair is held. The 
exhibits are arranged in three storys on each side 
of a central aisle, along which a rail track is laid for 
facilitating the installation of the exhibits* The visit 
concluded with a semi-official reception. 

On •the following morning a visit vras paid to a 
Thury direct-current system operated by the Soci6t6 
G6n6rale de horce et de Lumidre, while the afternoon 
was occupied in an inspection of Mouche Central Station 
of the Compagnie du Gaz et de r£lectricit<§ de Lyon, 
including a 70 000-volt outdoor transformer station. 

On Wednesday morning the silk factory of Messrs. 
Vital Matthieu and Sons was inspected, after which 
the party was entertained by the Berliet Motor Com¬ 
pany to lunch, followed by a tour of the works, where 
mass-production methods are employed. 

On Thursday the party visited the Beaujolais vine¬ 
yard, where they were entertained by tlie Soci^te 
Fran9aise des Electriciens in the ChUteau de Pizay. 

On Friday there was an excursion to St. Etienne, 
where the 120 000-volt system of the Compagnie 
Electrique de la Loire et du Centre was inspected, 
followed by a visit to the coal mines of the Loire, the 
party being the guests of the company at lunch. 

On Saturday morning an interesting visit was paid 
to the Lyons radio station. Saturday afternoon and 
Sundasy were spent in individual ejcpeditions to various 
local beauty spots, and the tour was brought to a 
conclusion by a farewell dinner at the Hdtel des Beaux 
Arts, at which a presentation was made to Mr. Rividre 
as a souvenir of a very enjoyable visit. A vote of 
thanlcs was also passed to Mr. J. H. Reyner, the 
Honorary Secretary of the London Students' Section, 
for his work in organizing the tour. The party left for 
London at 9.15 p.m. 

The Committee wish to express their great apprecia¬ 
tion oi the courteous reception which they received 
everjrwhere in h ranee, and, in particular, to the several 
firms and public bodies whose works they were privi¬ 
leged to visit. All who were present will carry with 
them a lasting memory of a very generous hospitality. 

J. H. R. 

Committees, 1924-1925. 

Among the Committees appointed by the Council 
for 1924-25 are the following :— 


Informal Meetings Committee. 


Library and Museum Committee, 

The President.* ^ 

Col. R. E. Crompton, C.B. Mr. W. M. Mordey. 

Mr S. W. Melsom. C^l. T. F. Purves, O.B.E. 


Local Centres Committee. 
The President. 

Mr. D. H. Bishop. Mr. H. C. Lamb. 

Mr. C. P. Coote-Cummins. Mr. W. I^wson. 
Sir J. Devonshire, K.B.E. Mr. A. Lindsay. 
Lt.-Col. K. Edgeumbe, '“ 

R.E. (T.A.). 


Mr. F. Gill, O.B.E. 
Mr. H. H. Harrison. 
Mr. J. S. Highfield. 
Mr. T. B. Johnson. 
Mr. D. G. Jones. 


klf. W. T. Maccall. . 

Mr. W. Nairn. 

Mr. Af Page. 

Mr* A. M. Paton. 

Col. T. F. Purves, O.B.E. 
Mr. T. R. Smith. 

Mr. C. H. Wordingham* 
C.B.E. 

''Science Abstracts” Committee. 

The President. 

Mr. LI. B. Atldnson. Mr. W. M. Mordey. 

F. Gill, O.B.E. Mr. C. C. Paterson, O.B.E. 

Dr. D. Owen Representing the Physical Society 
Mr. T. Smith , J of London. 

Ship Electrical Equipment Committee. 

The President. 

Mr. A. G. S. Barnard. Mr. N, W. PrangneU. 


Mr. J. H. ColHe. 

Mr. B. M. Drake. 

Mr. A. Henderson. 
Mr. J. W. Kempster. 
Mr, J. F. Nielson. 


Mr. A. P. P 3 me. 

Mr. S. G. C. Russell. 

Mr. T. A. Sedgwick. 

Mr. H. D. Wight. 

Mr. C. H. Wordingham, 
C.B.E. 

Representing 


^Lloyd's Register of Shipping.. 


And 

Sir W. S. Abell, 1 

K.B.E. 

Mr. H. Ruck Keene J 
Mr. T. Carlton .. Board of Trade. 

Mr. W. Cross ., Electrical Contractors' Assoda 
. tion. 

Mr. J. Foster King British Corporation for the Surve} 
and Registry of Shipping. 

{ Institution of Engineers and 
Shipbuilders in Scotland. 
Electrical Contractors' Assoda- 
tion of Scotland. 

Mr. A. W. Stewart Institution of Naval Architects. 
Mr. H. Walker, fN.E. Coast Institution of Engi- 
O.B.E. ., \ neers and Shipbuilders. 




The President. 

Mr. A. H. Allen, Mr. A. F. Harmfer* 

Mr. J. W. Beauefiamp. Mr. A. G. Hilling. 

Mr. J. Coxon. Mr. F. Pooley. 

Mr. P. Dunsheath, O.B.E. Mr. W. E. Warrilow 

Mr. H. T. Young. 

Mr. F. Gill, O.B.E. (representing tlie General Purposes 
Committee). 

The Chairman of the Papers Committee. 

The Chairman of th# f^ondon Students' Section, 


Wiring Rules Committee, 
The President. 


Mr. LI. B. Atkinson. 
Mr. H. J. Cash. 

Idr. J. R. Cowie, 

Mr. W. Cross. 

Mr. J. Frith. 

Dr. C. C. Garrard^ 


Mr. S. W. Melsom. 

Mir. J. F. Nielson. 

Mir. A. P. Pyne. 

Mr. E, Ridley. 

Mir. S. G. C. Russell. 

Mr. C. P. Sparks, C.B.E. 
Mr. P* V. Hunter, C.B.E, Mr. C. H. Wordingham,^ 

C.B.E. 
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INSTITUTION NOTES. 


Representing 

• Mr. B. M. Drake. * • Contractors (unofficially). 
Sir T. O. Callender ki i ^ 

Mr. J.RW, Hooper Makers (unofficially). 

Mr. A. C, Cockbum"! ^ , 

Mr. A. L. Taylor. Omces (vnoffiaally). 


Taylor 
^r. E, G. Batt 


Mr. jl. H. Berry.. 
Mr. J. R. Dick .. 
Mr. A. R. Everest 


I British Electrical and Allied 
I Manufacturers* Association. 


Mx. C. Rodgers .. J 

Mr, W. F. Bishop Cabte Makers* Association. 

Mr, F, R, Bal-*\ Independent Cable Makers* As- 
^ock .. .. / sociation. 

Mr. R. A. Ure /Electrical Contractors* Assoda- 
' ’ 1 tion of Scotland, 

Mr. J. Christie .. \lncorporated Municipal Electrical 
Mr. F. W. Purse .. / Assodation. 


Sectional Committees — continmd. 
Telegraphs and Telephones, 

The President. 

Mr. H. G. Brown. Mr. F. Pooley. 

Mr. W. W. Cook. Col. T.r-F. Purves, O.B.E. 

Dr. W. H. Eccles, F.R.S. Mr. J. Sayers. " 

Mr. S. Evershed. Mr. C. W. Schaefer. 

Mr. H. H. Harrison. Mr. E. H. Shaughnessy, 
Mr. T. B. Johnson. O.B.E. , 

Mr. G. H. Nash, C.B.E. Mr. F. Tremain. 

Mr. H. T. Young. 

Wireless Section. 

The Committee of the Wireless Section for 1924-26 is 
constituted as follows:— 


Mr. E. T. Ruthven \lncorporated Association of Elec- 
Murray .. .. / trie Power Companies. 

Mr. W. R. Rawlings ^Electrical Contractors* Associa- 
Mr. S, H. Webb .. J tion. 

Mr J, M. Crowdy.. /^®ociation of Supervising Elec- 
‘' 1. tricians. 

{ Conference of Chief Offidals of 
the London Electric Supply 
Companies. 

Sectional Committees. 

Lighting and Power, 

The President. 


Ml*. E. H. Shaughnessy, O.B.E. {Chairman), 

The President. 

Dr. S. Brydon. Mr. C. F. Phillips. 

Mr. R. C. Clinker. Captain H. R. Sankey, C.B 

Mr. C. F. Elwell. C.B.E., R.E. 

Dr. J. Erskine-Murray. Commander J. A. Slee 
Prof. C. L. Fortescue, C.B.E., R.N. 

U.B.E. Dr. R. L. Smith-Rose. 

Mr, F. Gill, O.B.E. hir. A. A. Campbell Swintori, 
Prof. G. W. O. Howe, D.Sc. F.R.S. 

Captain N, Lea, B.Sc. Mr, C. F. Trippe. ^ 

The Chairman of the Papers Committee {ex-officio). 


Mr. J. W. Beauchamp. 
Mr. R. A. Chattock. 
Mr. J. M. Donaldson. 
Viscount Falmouth. 

Mr. A. F. Harmer. 

Mr. A. Lindsay. 


Mr. B. Longbottom. 

Mr. A. Page. 

Mr, G. W. Partridge. 

Mr. E. Pooley. 

Mr. C. P. Sparks, C.B.E. 
Mr. H. T. Young, 


And 

Capt. C. E. Kennedy-Purvis, R,N. 
Llajor A. G. Lee, M.C., B.Sc. .. 
Major H, P. T. Lefroy, D.S.O., M.C. 
Major R. Chenevix Trench, O.B.E 
M.C. 


Representing 
Admiralty. 
Post Office. 

Air Ministry. 
War Office. 


Electricity in Mines, 
The President. 


Mr. C. T. Allan. 

Mr. J. A. B. Horsley. 
Mr. J. D. Morgan. 

Mr. W. C. Mountain. 


Mr. R. Nelson. 

Mr. W. M. Selvey. 

Mr. C. P. Sparks, C.B.E. 
Prof. W. M. Thornton, 
O.B.E., D.Sc. 


Traction. 

The President. 

Col. R. E. Crompton, C.B. Mr. F. Pooley. 

Mr. H. Jones. Mr. J. Sayers, 

Lt.-Col.F. A. Cortez Leigh. Mr. Roger T. Smith. 

Mr. F. Lydall. Dr. S. P. Smith. 

Mr. W. Naim. Mr. B. Welbourn. 

Mr. G. W. Partridge. Mr. H. T. Young. 

Electro-Chemistry and Electro-Metallurgy, 

The iPresident. 

Mr. D. F. Campbell.. Mr. S. E. Fedden. 

Mr. W, A, Chamen. Mr. E. M., Hollingsworth 

Mr. W. R. Cooper. . Mr. W. M. Morrison. 

Mr. S. S. Moore Ede. Mr. C. P, Sparks, C.B.E 
Mr. J. Swinburne, F.R.S. 


The Benevolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions received during the period 26 October— 
25 November, 1924 :— 


Bartlam, R. A. (Birmingham) .. .. 2 

Bell, Major H. (Hull). ] * 

Burge, W. S, (Bradford) .. ., [ ’ 10 

Clay, C, B. (Bromley) .. .. .. 10 

Electric Carnival and Dance Committee (per 

Mr. W. A. Gillott). .. 38 12 

Fippard, A. J. (London) . 11 

Hughes, E. L. (Liverpool). g 

Johnson, T. B. (Leeds) . 3^3 

North Midland Centre (per Mr, W. Howard 

Brown) .^ 

Orme, B. S. (Manchester) .. . / .. 5 

Taylor, A. M. (Birmingham) .. * * lo 

The 25 Club ** (London) (per Mr. W. B. 

. 15 0* 

W. T. Henley's Telegraph Works Co., Ltd. 

(London). 25 0 0 

Wright, H. Hodgson (Halifax) .. 1 1 o 

^ * Annual sjibserOtion. 


0 

0 

0 

4 

0 

6 

0 

0 

0 
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AN ELECTRIC HARMONIC ANALYSER.* 

By, J/ D* Cockcroft, R. T. Coe, J. A. Tvacke, Students, and Hues Walker, Member. 

(Paper first receme^^2\$t January*, and in final form 22nd Settemher 7 Q 9 J.- ^ 

b^ore the Mersby and North Wales (Liverpool) Centre IVh^lm'ember November, 

December, 1924,) i^ovemoer, and before Oie Scottish Centre Uh 


Summary, 

The paper deals with the experimental harmonic analysis 
of electromotive force and current wave-forms. A brief 
outline of existing methods is given and their limitations 
are discussed. A modification of the dynamometer method, 
which allows a much higher degree of accuracy to be attained,' 
and in which the properties of an oscillatory circuit are used 
. to obtain a sinusoidal current wa^^e of suitable frequency, is 
described. This current is passed through one. coil of a 
dynamometer, whilst the wave to be analysed is passed 
through the other. The values of the coefficients in the 
Fourier series representing the wave-form being analysed 
are obtained from the readings of the dynamometer and an 
ammeter. 

The final method advocated aims at analysing wave- 
fonns up to at least the 23rd harmonic and correct to within 
0-1 per cent of the fundamental. The accuracy of the 
method must be- established by comparison with a method 
more accurate^than the commonly employed oscillograph 
method, the accuracy of which is considerably improved 
upon. Such a standard method, which involves "the use of a 
synchronously driven commutator, is dealt with in detail in 
the first pai*t of the. paper and its own accuracy is established. 
Most of the principles involved are common to the two 
succeeding methods. A full discussion of the errors involved 
in the three methods is given, and the design of the necessary 
instruments is considered. For convenience, most of the 
mathematics involved is given in appendixes and only the 
results arc quoted in the paper itself. I 


Table of Contents. 

1. ; Iiitroduction. 

2. Considera,tion of previous nietliods. 

8. (a) Theory of dynamometer meifcliod. 

(6) The errors introduced by an imperfect analysing 
current. 

. 4. The use of an oscillatory circuit to obtain a 
sinusoidal anatysing current. 

5. A standard method of analysis in which the 
analysing current is obtained from a d.c. supply by the 
use of a. multi-part commutator and gear wheels. 

6. A method in which the analysing current is 
obtained from the a.c. supply being analysed, by the 
use of ,ft^aturated transformer and neon-filled glow- 
lampsr* 

7. The final merfchod of analysis: The neon-lamp 
method made portable by the use of a valve amplifier. 

8* The possibiU?y of obtaining the analysing current 
from a valve generator without the neon-lamp coupling. 

9, Conclusions. 

•* Appendixes and Bibliography. 

List of Chief Symbols Used in the Paper. 
r, r" = total effective resistance of oscillatory circuit 
without and with v^alve^gghflification respectively. 


^ 1 * ^*2 resistances of septate inductance coils in 
oscillatory circuit. 

X total inductance in oscillatprjr circuit. 

^ Zrg = inductances of separate coils in oscillatorv 
circuit. 

O = capacity of condenser in oscillatory circuit. 

= total resistance of non-inductive potential divider 
shunting fixed coil of dynamometer. 

= non-inductive resistance used between oscillatory 
circuit and commutator in standard method. 

Ljj = resistance and inductance respectively of 
dynamometer pressure-coil alone. 

Pp, Cp external resistance and 'capacity re.spectivelv 
in pressure-coil circuit. 

Zn = impedance of pressure-coil circuit to 
harmonic current. 

<0 27r X (frequency of fundamental). 

n = order of harmonic to which oscillatorv circuit is 
tuned. 

ic = order of any other harmonic, 

“ instantaneous value of current in pressure coil 
of dynamometer. 

At = amplitudes of I'rih and a?th harmonics respec¬ 
tively in pressure-coil current iy. 

H = instantaneous value of tlie current in fixed coil 
of d5nianiometer (i.e. of oscillatory current). 

~ amplitudes of ?^th and a;th harmonics in 
oscillatory current 

t" . t" . 

* n I. Xju = amplitudes of ?ith and a?th harmonics in 
oscillatory current, after amplification by means of 
valve. 

^tit ^a; = amplitudes of nth and aitli harmonics in 
resonating voltage across main inductance. 

^nt = amplitudes of nth and a;th harmonics in 
E.M.F. applied to oscillatory circuit by means of com¬ 
mutator or coupling with neon-lamp current. 

a == one-quarter of phase angle corresponding to 
each impulse of neon-lamp current. 
lb = calculated error as fraction of fundamental. 

S = calculated error as fraction of Imnnonic being 
found. 

~ phase angles of nth harmonic currents in 
pressure coil and fixed- coil respectively of .dynamometer, 

^ ~ difference of 'phase between nth har¬ 

monic currents in the two coils of dynamometer. 

iSr = ^pere-tunis (R,M.S.) of nth harmonic in 
fixed coil of dynamometer. 

D = dynamometer constant,- giving deflection in 
terms of amp6re-tums of fixed coil ‘ and Current of 
moving coil, 

h = dynampmeter constant, giving-deflection in terms, 
of ii and 4, tlie currents in tlie two coils. 
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K = d3aiamometer constant, giving the nth harmonic 
in the E.M.F. applied to the pressure coil in terms of 
the d5mamometer deflection and the resonating voltage 
(R.M.S.) across the fixed coil of the dynamometer. 

= dynamometer torque constant. 

ISoe == d.b. voltage applied to commutator. 

Ml, M = mutual inductances between the neon- 
lamp circuit and grid circuit of valve, respectively, and 
the oscillatory circuit. 

g, a, h, b, u =: coefficients defining the valve charac¬ 
teristics. 

^ai ^(7 = anode current, anode voltage and grid 
voltage respectively the amplifying valve. 

A = amplification factor, or ratio of amplified to 
unamplified nth harmonic currents in oscillatory circuit. 

e', d' = reading of voltmeter across E.M.F. supply 
being anal57sed, reading of voltmeter across fixed coil 
of dynamometer, and deflection of dynamometer 
respectively, all taken before amplification. 

e", v", d" = readings of instruments as above, all 
taken with amplified oscillatory current. 

Bn = nth harmonic (R.M.S.) in the E.M.F. wave under 
analysis. 

* 1. Introduction. 

Those members of the Institution who have sat under 
the late John Perry will remember that one of the topics 
which he used to discuss with such infectious enthusiasm 
was the behaviour of a wattmeter of the dynamometer 
type when fed witli currents of varying frequencies. 

After a lecture on the Fourier series, illustrated by 
references to common everyday experiences, he arrived 
at the expression 


F(«) = Aq -[- Ai sin cot 4- Bi cos cot 
• . . -f- AL 2 sin 2cot + cos 2cot -f 
... 4- Afi, sin 7icot -f cos ncot +j 


( 1 ) 


where F(t) is any one-valued periodic function of time 
satisfying cert^ very general conditions which may be 
taken to hold in all cases lilcely to interest the electrical 
engineer; n is tlie order of a particular harmonic; 
and A,I and B^ are numerical coefficients. The full 
meaning of this expression was illustrated by examples 
draym from physics and engineering. 

He then introduced his students to the elements of 
harmonic analysis. Multiplying both sides of Equa¬ 
tion (1) by sin <ot and integrating throughout a complete 
period, that is from coi = 0 to coi = 27 r radians, we saw 
that all the terms on the right-hand side disappeared, 
except the terms containing sin cot, so that 


2]ir ^ 

I F{t) sin cot dt^Ai sin 
^ Jn 


sin^ cot dt = 

CO ^ 


or more generally 


L 


F(t) sin ncotdt 

CO ” 


From t^ it is seen that any of the coefficients can 
be determmed by the method of multiplying the function 


by sinwcof, or cosncoi as the case maybe, and inte¬ 
grating the product throughout a complete period 
He then pomted out that in the case of an electric 
current following a periodic function, F{t), of the time, 
the process of multiplying and integrating could be 
lurried out on a wattmeter of the dynamometer type. 
For if the current to be analysed is passed thrcTugh the 
moving coil of a wattmeter while another current 
following the law Jjj sin luat is passed through the 
stationary coil, tlie torque on the coil is at every instant 
equal to the product of F(t) and fn^inncot, and the 
steady deflection of tlie coil gives the integrated value 
of all the instantaneous torques. Thus the deflection 
of the wattmeter is proportional to and to The 
constant of the wattmeter and the value of /' being 
laiown, can be calculated. 

Whether John Perry ever constructed an electric 
harmonic analyser on this plan is not on. record. He 
no doubt recognized ^e initial difficulty of generating 
the analysing current 7^ sin ncot and keeping it accurately 
m phase, especially where the value of n is high. Manir 
of liis old students have no doubt wished for an oppor¬ 
tunity to carry out tlie idea. 

The advent of wireless telegraphy, and tlie familiarity 
which it has given us with swinging electric circuits, 
has brought just what was wanted for supplying tlie 
analysing current sin noot For when an inductance 
of low resistence is placed in series with a capacity and 
the circuit is excited in a suitable way, the ciurent in 
It naturally assumes the sine law, and there is no 
dimculty in making it of any desired frequency by 
choosmg suitable values for L and O. Moreover, if 
the exciting pulses are controlled by the current to be 
analysed and the tuning is sufficiently close, the swinging 
current assumes the exact frequency of the impressed 
vibration and its phase is also under control, so that 
we have all the characteristics necessary for a successful 
analyser. 

In this paper various methods of .supplyifig the 
analysing current sin are described. The advan¬ 
tage and disadvantages are discussed and the errors 
arising in the different cases are set out. 

2, Consideration of Previous Methods. 

Before proceeding to discuss the dynamometer 
method in full it will probably be of interest to sum¬ 
marize briefly the various methods of experimental 
harmomc analysis which have been proposed or de¬ 
scribed in the past. 

Thrae methods may be divided into two bisjufl classes. 
The first class, which we may describe as “fedirect 
methods,” conskts of those metlSbds in which the 
analy^ is carried out in two distinct, stages. The 
wave-form of the supply being ana^ed is first deter- 
min^, so that the relation e = F{t) can be expressed • 
^aphicahy; this wave-form is then analysed by one of 
the usual methods of approximate harmonic analysis. ■ . 

Tu methods of determining the wave-form exist. 

®y epend in genial on the Joubert contact principle 
or on the oscillograph. ' 

Variations of the Joubert,„£»Etact method have been 
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described in papers by Duncan,* Ryan.f Goldschmidt t 
and Laws.§ 

In Duncan s and Ryan*s method the current under 
analysis is passed through one coil of a dynamometer 
instrument, wjjile a current is passed through the other 
coil onlv at that instant in each half cycle for which 
the reading is i*equired. The latter current is controlled 
either ^by a S5mclironously driven commutator or by 
using a saturated transformer having a very shaiply 
peaked secondary E.M.F., thus giving the necessary 
two impulses per cycle to the dynamometer. 

In Goldschmidt’s method the’ current under analysis 
is passed through one coil of a transformer whose 
magnetic circuit is completed for a short period in each 
. half cycle. The measuring instrument is connected to 
a second coil on the core and may therefore be used to 
determine ^ the values of the primary current at any 
desired point on the cycle. Laws’s metliod is sinailar in 
principle. 

In all these metliods the duration of the impulse on 
the measuring instrument has to be made very smaU to 
obtain accurate values of the instantaneous E.M.F. 
The sensitivity of the instruments used is therefore 
much reduced and errors may be large. 

The oscillograph may be considered to trace out the 
applied wave-shape sufficiently accurately, provided 
that tlie frequency of the highest harmonic under 
determination is not greater tlian one-tenth the natural 
•freque^^cy. of the oscillograph. With the type of oscillo¬ 
graph generally in use, the error in the recording of a 
high-frequency tooth ripple might be of the order of 
5 to'10 per cent. 

flaving determined the wave-form with sufficient 
accuracy the analysis ihay be carried out in three ways :— 

(1) By Coradi or other type of mechanical analyser. 

(2) By graphical methods. 

(3) By calculation from measurement of selected 

ordinates. 

A list of these methods is’ given in the bibliography to 
the paper. A general discussion of their accuracy was 
^ven by A. E. Clayton in a recent paper. |1 In general 
it may be stated that tire probable accuracy of the 
indirect method ” of harmonic analysis cannot be 
greater than 1 per cent of the fundamental term. 

The second class of methods, the " Direct metliods,” 
determine the values of the coefficients directly from 
the readings of one or more instruments. We shall 
discuss ^hree of these methods. 

(1) Resonance Methods.^ 

This method consists generally in applying the E.M.F. 
under an^sis to a circuit conta.ining a choke coil and 
a coiKjgii^ in series. By tuning the circuit so that 
resonance occurs with any particular harmonic, and 
measuring the voltage across either the choke coil or 
•condenser, the value of the harmonic to whose frequency 


the circuit is tuned may be calculated, if the constants 
of the circuit are known. * 

The chief errors in this method are due to:_ 

(а) The readings ^obtained for one harmonic being 

influenced by the other harmonics, in particular 
by those harmonics whose orders are nearest to* 
that of the harmonic under measurement.* To 
reduce this interference to a negligible amount 
it is necessary to constrtict a choke coil with a 
VCTy low damping :5p,ctor, die ratio of self- 
induction to effective resistance being not less 
than O'l. This necessiljites using an iron- 
cored coil or a large weight of copper (of the 
order of 200 lb.). 

(б) Having obtained this low damping factor, difii- 

ciilty arises in obtaining accurate readings for 
the peak values of current, due to small varia¬ 
tions from exact resonance frequency. Thus a 
variation of O-S per cent from exact resonance 
frequency would mean a decrease in resonating 
current to one-sixth of the peak value, when 
determining the 21st harmonic of a 50-cycle 
wave. 

(c) The effect of eddy-current losses in iron and copper 
and of hysteresis losses in iron and dielectric. 
These cause a change in effective resistance 
with frequency and, since tile E.M.F. across 
the coil varies inversely as the resistance, 

serious e^ors are introduced. For accuracy, 
the circuit has to be calibrated for the whole 
range of frequencies. 


xicunjying metnocts. 

This class of metliod has been fully treated in papers 
by Lyle,* Bedell f and Labouret.J They depend on 
the same principle as Fischer-Hinnen’s metliod of 
approximate ^alysls by selected ordinates (see Biblio¬ 
graphy). If i^ be the instantaneous value of current 
at time #, and T be the period of the wave, we have 


H — Iq + h sin (m — ^j) -f- sin (2co« — ^,) 

-f . . . 4sin (ncul. . . 

^+ 2 -/( 2 «) = 4 + Tj sin{o)p -f- Tl(2n)] - 

-f 1-2 sin {2ct>[< -f 5f'/(2a)] - i^} 

+ ...In sin {nmp + y/(2ii)] - + . .. 


and it may easily be shown that 


H — H+TKZa) + H+^TKin) — H+ZTK-Zn) + . . . 

— — 2ii[J„sin (nMt - alj 

+ Ts^sin (3mo< - ,^3„) 

+ . . . sin (kruot — ^;,.„) -|- . . . 

i.e. the sum of the series 


H — +.( 2 ) 


p of the American Instituie of EUclrical Engineers^ 1802, vol, 

t ji)id„ 1809, vol. 1C, p. 3fi3. 

*J Ekktrmechnische ZeUschrift, 1902, vol. 23, p 49« 

^ l^Proceed%ngs of the American Academy of.Arts and Science, 1901, vol, 

. 1) Journal LEM., 1021, vol, 50. p. 491. 

. If Blondel : EUJdnfechnische ZeitMft, 1900, vol. 27. p. Vdetain 

1007, vol. 52, p. 441, See also R. Beawie ^ m 

p. 171. See also bibliography a^Ift qfid of the paperf 


will depend only on the hannonics of order w, 3n, 5n, 


The methods described in tlie above-mentioned papers 
perform the summation (2) mechanically by means of a 
synclironously driven commutator. If therefore the 




t Electrical World, 1013, vol. 62, p. 878: 

Xd^evue GinSrale de VBlectricitd 1921. vol. 9, p. 860, 
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highest appreciable •harmonic is of order xn, in the 
determination of the nth harmonic the amplitudes and 
phase angles of the harm(j»nics of orders 3u, &n, . , .xn 
have to be determined. The commutator has therefore 
to be capable of reversing the cTirectioii of current xn 
times per cycle. 

Ik will be seen that for the determination of one 
particular harmonic this method is very laborious. 


wave having tlie same frequency as the analysing current. 
By controlling the phase of the analysing current, 
can be varied until d is a maximum, which occurs 
when is measured and h is known ; hence 

In may be calculated. ^ 

Alternatively, we may alter the phase of the afialysing 
current by a quarter of a cycle and obtain a new 
deflection 


(3) A Potentiomeier ^Method* 

The alternating-curreni? potentiometer is iised for the 
analysis. If the phase of one of the currents in the 
potentiometer circuilfbe shifted by 120® from the phase 
giving no deflection in the vibration galvanometer, a 
current will flow due to all the harmonics except tlie 
3rd, 9th, 15th, etc., assuming the even harmonics to be 
negligible. Similarly by shifting the phase by 72® the 
harmonics of order 5 n will produce no effect. Hence 
by taking a number of readings with different settings 
of the phase shifter, it is possible to establish a series 
of equations with the amplitudes of the harmonics as 
unknowns and on solving tliese to determine these 
amplitudes. 

e The method is not very accurate, since the potentio¬ 
meter is not being used in a mil method, and in addition 
the calculation becomes very cumbersome if the order 
of harmonic wdiich it is desired to determine much 
exceeds the 13th. 

3(a). Theory of the Dynamometer Method. 

The simplest direct method, from tlie theoretical 
point of view, is undoubtedly the dynamometer method. 
As we have shown in the introduction, the current to 
be analysed, or a current proportional to the E.M.F. 
if an E.M.F. wave is to be analysed, is passed through 
one coil of a dynamometer, whilst an analysing 
sinusoidal current of the frequency of the harmonic to 
be found is passed through the other coil. 

Let tlie current under analysis be denoted by and 
the analysing current by 4, and let 

^1 ~ ^0 H- -^1 sin (oii — ^j) 

+ I2 sin (20)^ — ^2) H- . . . In sin {ncot — 

4 == Ifi sin {ncot — ^n) 

Then the instantaneous torque on the moving coil is 

T == 

= Klin sin {ncot — <j)n){Io + Ii sin {cot — 4. . . . 

+ In sin {mot - (jS„) + . . .} 

If now the natural period of the instrument is large 
compared with the period 27r/a>, the deflection d will be 
proportional to the mean torque and is given by 

CO I 

r» {-^0 + h sin [wt - 

. -'0 

^ H- . . . I„ sin {ncot - ^n) “h . 

~ {<l)n <l>n) .(3) 

Thus, k and In being fixed, the deflection depends 
only on the amplitude of the haraonic in the complex 
* Quattrosoldi : h^Shtirotanica, 1015, vol. 2, p, 6I6. 


do = hhlnl'n sin (^„ - <f>'„) . . . (3a) 


From (3) and (3a) we may eliminate 
determine 


Thus 


2 V(d2 + dg) 

kin 


(<l>n-<f>n) 

. . . (36) 


If the analysing current does not coincide exactly in 
frequency with any harmonic and is given by 

= In sin {{nco — <T)t — 

where <t is small compared ivith a>, w'e have for the 
torque on the moving system 

T = \KiInIn [cos {at -h <f>n — 

- cos,{(2wft) - cr)t - (^; + ^„)}] + En 

where contains only terms of periodicity higher than 
or equal to (co — a). The only term influencing the 
deflection will therefore be that involving at, ancj[ there¬ 
fore 

d = \Mnl'a COS {at + — ^„) . . (3c) 

h being unchanged, provided a is small compared with 
the natural periodicity of the moving system.. The 
deflection will therefore vary harmonically with period 
277/0*, and from observations of the maximum deflection 
we might determine I^- 

The difficulty in practice is to obtain a perfectly 
sinusoidal current of suitable frequency. We therefore 
proceed to discuss the error introduced by the aifalysing 
current not being exactly sinusoidal. 


3(b). The Errors Introduced by an Imperfect 
Analysing Wave. 

For a correct appreciation of these errors it is necessar>^ 
to discuss briefly the probable size of the coefficients 
we are measuring. 

In the first place we laiow from observations by 
means of an oscillograph that the wave-forms of most 
alternating-current generators are roughly sinusoidal 
and tliat tlie amplitude of the harmonics is considerably 
less than the amplitude of the fundamental^except in 
very special cases when the hapnonics ha^^ been 
exaggerated by resonance.. 

The smallness of the amplituderof the harmonics, 
arises from the effort of the designer of the machinery 
to suppress them as much as possible, and in this effort 
he is greatly aided by the following circumstances ;— 

Most alternating-current machines have north anU 
south poles of. similar conformation, so that the positive- 
lobe of the wave-form is the same shape as the negative 
lobe. When thgy are identical the even harmonics dis¬ 
appear altogether and we ^ctre left wkh only the odd' 
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liarmonics. That is to say, in most cases has only 
odd values and 

e = J^i sin {o)t — sin {Scot — ^ 3 ) 4 , , , ^ 

In the next (*place, the shape of the field-form of 
most ax^ machines is roughly sinusoidal, so that if the 
flux density B in the gap at any point is expressed as 
a function of the angular position, d, of the point (taken 
as a two-pole machine) 

B sin (6 - -I- B^ sill (Sd ^ 3 ) + . .. 

it will be found that, upon the whole, tlie higher har¬ 
monics of B have smaller and smaller amplitudes as 
their order increases. For instance, if we take tlie case 
of a rectangular field-form (and most field-forms in 
practice are a good deal more favourable than the 
rectangular form), we have 

2 

Bi'^ n 

Where, however, there are teetli upon the field magnet, 
as in the case of some turbo-generators, some of the 
higher harmonics in the field-form may be more pro¬ 
nounced. 

A furtiier cause of the smallness of the higher har¬ 
monics in the E.M.F. wave-form is the spread of the 
coils on the armature of the a.c. machine. The effect 
of the ^pread is usually expressed by* means of the 
breadth coefficients'* or ** distribution factors, 
corresponding to the various harmonics. Witli a per¬ 
fectly distributed winding, we get as the general ex¬ 
pression for the distribution factor 

* sin 7ior 


necessarily integral, as for example Wh^ there is not 
an inte^al number of slots per pole-pair. In this case 
the E.M.F. is periodic in the^time of revolution of the 
shaft and not in the time of passage of the pole-pairs, 
and we should therefore take the former as our funda¬ 
mental period to conform* tp the usual notation of 
harmonic analysis. Thus, what is .usually known as»the 
fundainental would be the 2nd, 3rd or higher harmonic, 
according to the number of pole-pjurs. 

When the dynamometer analyser is employed to 
determine the magnitude of tlfe commutator ripples in 
rotary converters and d.c. machines, we have in general 
to measure an E.M.F. of single freqtiency. 

Another application is in the analysis of current wave¬ 
forms such as the magnetizing current of transformers. 
No general indication can of course be given as to the^ 
probable order of magnitude of the harmonics in these 
cases. Numerous other applications will no doubt 
suggest themselves. 

In the discussion of the errors of the method 
it is proposed to deal mainly with the first and most 
frequent case—the wave-forms likely to be given by 
commercial alternators. We shall discuss, therefore, 
the case in which only odd harmonics exist in the wave-* 
shape and in which the ratio of the amplitude of har¬ 
monics of order n to that of the fundamental is le.ss 
than 1 /n, 

Let the imperfect analysing current used in the 
determination of the nth harmonic contain other har¬ 
monics than the nth. Let us suppose that 

h = 4-1- sin {cot - <l)\) + jr .3 sin { 2 cot ^ ^ , 

+ I'n sin {nojt - ^„') . .H- sin {xcot , 

and the current under analysis, is given by 


where o* is half the angle of the coil spread. The value 
of this becomes rapidly smaller and smaller as n is 
increased. Where, however, the winding lies in m 
slots whose angular spacing is y, the general expression 
for the distribution factor becomes 

, _ sin nm{yl 2 ) 

^ m sin 71 {y/ 2 ) 

For most values of 71 this expression becomes smaller as 
71 is increased, but in the special case where there are Q 
slots per pole (G being an integer) and n = 2KQ ± 1 , 
the value of the distribution factor becomes equal to tlie 
distribution factor for the fundamental. By making Q 
fractional, tl^ condition can be avoided. If this is 
inconveniSefc.in the design of the machine, care is usually 
taken fo make Bji^very small for the harmonic in 
question. As the amplitude of the harmonic in the 
E.M.F. wave-form is proportional to the. product of 
fn and we may take it that, as a rule,.jS 7 J^i is less 
than 1/n. ^ An exception to this may occur when the 
winding lies in an integral number of slots per pole 
and the corresponding value of B^ is very pronounced. 

A further source of high-frequency harmonics is the 
effect of flux-swing resulting from the passage of stator 
and rotor teeth. Again we have harmonics of order 
2(2 rfc 1. It should be itched that this^number is not 


it ^Ii sin {ojt - <^,) -b I 3 sin (3a>« - ^ 3 ) + . . . 

+ sin {imt - ^„) -j- . . . + 4 sin {xcot , 

Then if di be the actual reading of the dynamometer 
under these imperfect conditions, we find 


di ^ cos 61 -I- Jgig cos 03 + , . . H- . . . 

+ VdJ cos 0.C + . . .] . (3f/) 

where 61 ^ , etc. 

If d be the reading which would be given, using a 
perfect analysing wave, then d — 

The absolute magnitude of the error, 8 , is tlaerefore 
given by 


and the magnitude of the error \js relative to the magni¬ 
tude of the fundamental is given by 


, _ 2 {d^ ^ d) 


— jr cos $1 -f cos 03 -f- . . . —- , cos 0 ,i _2 
^71 Jiln 

00 , 

. Ai+2r^n^2r 




( 3 ^) 
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The relative err6]j tjt is ihus represented by the sum 
of an infinite series whose terms depend, first, on the 
magnitudes of the ratio? /JIi, i.e. on the relative 
magnitudes of the harmonics in the wave under analysis, 
and, secondly, on the ratios i.e. on the freedom 

or otlierwise of the analysing wave-form from impurities. 
It ift essential, therefore, that these latter ratios should 
be small. 

The convergency and limits of the series for xli will 
be discussed later. ^ 

r 

4. The Use of an Psciixatory Circuit to Obtain a 
Sinusoidal Analysing Current. 

One of the first investigators to use the dynamometer 
niethod of analysis was Bescoudres.* He obtained a 
smusoidal E.M.F. of variable frequency by rotating a 
coil m the uniform field of a solenoid, the frequency 
being varied by driving the coil through gear wheels 
from a synchronous rotor. This apparatus was 
apparently quite satisfactory for harmonics up to the 
or er of 9 , but difficulties would probably arise in the 
^tension of the method to harmonics of the order of 

^ 3 , as a result of the high speed of rotation which would 
be necessary. 

Dma t advocated die use of a multi-rotor alternator 
of the inductor type for generating the analysing current. 
The effect of the shape of the rotor and stator teeth on 
the ^ve-form would have to be closely studied before 
constructing such an alternator. 

If the frequency of the wave under analysis were 
exactly constant, it would be a perfectly simple matter 
to ^n^te a suitable analysing current by means of 
a oscillator. Unfortunately, however, in the 

majcmty of cases the variation in frequency of the 
supply under analysis would be sufficiently large to 
cause a petiodic variation in the dynamometer deflection 
^ shown in ( 3 c). Generally, as will be shown later, the 
frequency of this variation wiU be too high for anv 
accurate results to be obtained. It is therefore neces- 
method is adopted, to ensure that 
» frequency of the analysing wave is maintained at an 
exact multiple of the fundamental frequency of the 
wave under analysis. 

nuJhL dynamometer 

method of analysis introduced in this paper consists in 

selective properties of an oscillatory 
hi tS. a smusoidal current. We shall assume 

»«pi« 


a?=»co 

® ^ sin {xctit — I 


someharmonic of frequency >im/(2u) has exactly 
the same frequency as one of the harmonics we wish to 
determme m a given wave-form. 

^ consider the effect of applying 

r ^ represented in 

w^^n it is tuned to a frequency no}J{27r) 

The circuit consists of a choke coil, a high resistance 

i PP- 752 and 900. 


connected to the source of 
through a large non-inductive resistance. 

Let L, ri = self-induction and resistance of choke coil. 
G = capacity of condenser. 

= non-inductive resistance of from 6 000 
ohms to 60 000 ohms. * 

R = non-inductive resistance used as potential 
divider—200 000 ohms. 

n-co 




Rn sin mot = E.M.F. applied to AB. 

1 
JO 

® (ruot-^= E.M.F.acrossDE. 

^ {ficot ^ = current in choke coil. 


n=»i 

»=oo 


We expect to find the current of frequency mo in the 
choke coil predominant. We proceed to calculate. 



Fig. 1 .—Diagram of circuit carrying a swinging current 
excited by voltage appli^ at AB.®^ ® 

^® frequency 

f ^® secondly the 

of s^Plitode of current of frequency mo to 
that of any other frequency aw in the choke coil, or 
inllx- It is evident that this ratio gives* us the 
me^ure of the selective properties of the circuit 

noteto “ 

£!„ 

... ( 4 ) 


= 


1 + rBj^O/L 


where 

and 


. 1 

7 ^ = »*I + ^ (see Fig. 1) 


h__^n a^-n- 

I'x ■ ^r~ • r-i- RyroiL M 

S^umvf^^ ^ increased to make £^tO/L large compared 


^ aj2 _ ^2 

(approx.) . . 


( 46 ) 


+1,5*1 ratio as large as possible and at 

advisee ^ possible, it is 

rf^e^ ItTT " order 

of three. It is also necessaSj? to make the factor Lfr 
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as large as possible. The limiting factor governing tbig 
ratio is the weight of copper required for tlie coil. We 
shall assume that it is possible to obtain a ratio Lh 
of the order of 1/15. If we now write 

O -r' 

% _ \ 

♦ 

we can tabulate values of for a few t 5 rpical values of 
n and a?, assummg co = 314. 

Table 1. 

Values of for Circuit 1. 


x 

Anx 

n 

X 

3 

128 

r 

1 

5 

384 

. J 

3 

11 

1 920 

1 

7 

23 

8 430 

1 

23 

1 

' 43 

r 

1 

5 

85 


5 

7 

214 

oo 

23 < 

21 

23 

2 800 

1 

25 


Xnx 


77 

51 

77 

1620 
368 
351 
61 
‘ 67 


It is therefore clear that even if all tlie harmonics 
in the applied wave were equal, the resulting current 
wave iTI the choke coil would possess very few harmonics 
greater than 1 per cent of the amplitude of the harmonic 
to which the circuit was tuned. 

5« A Standard Method of Analysis in which the 
Analysing Current is Obtained from a D.C. 
Supply by the Use of a Multi-Part Commutator 
AND Gear Wheels. 

(a) The first method which was developed for pro¬ 
ducing^ the forced oscillations of the desired range of 



Fig. 2,— ^Ccftnmutator method of excitation. 


E.M.F is tten rectangular or trapezoidal in shape, as. 
shown in Figs. 3 and 4. • 

If the frequency of the coipmutator is ri/(2Jr)l(na)/23), 
tte frequency of the rectangular wave will be ntoKZtr), 
ach of these wave-shapes, as is well known, mav be 
expressed as a Fourier series, and, if JT* is the 


:E 

np 




I ^ 


M i-STT 

np np 


Fig, 3.—Ideal wave-shape of E.M.F. given by commutator. 

value of the wave, we have for the rectangular shape of 
wave 

4 1 

= (sin no)t •+• sin Zno>t 

TT 3 


+ ... - sin xnoit -h . . .) 

X ' 


(5) 


and for tlie wave of trapezoidal shape 
4 /sin a . ^ 1 sin 3a . ^ 

e = I-sin ^ , —gjjj Zncjot + . . 

^ \ a 3 3a 

sin xncot + . . .^ 


+ - 
X 


3a 
sin xa 
xa 


(6a) 

Thus if o) ==! 314 and n = 1, i.e. for a commutator 
speed of 3 000/23 r.p.m., 

4„ ,. 1 1 

® ^(sin ojt + g sin 3cvt + , . .-shixojt + . . .) . (55) 

whilst for w =5 3, or a commutator speed of 9 000/23 
r.p.m., 

1 

e = Ufic (sin Scot + - sin 9cot + . . . 

7r o 


X 

+ - sm Sxcot + . . .) 

X ' 


(5c) 


and for a commutator speed of 3 000 r.p.m.. 


4 . 1 

e (sin 23m^-J-- sin -f- 


-J- -sin23a;a)i — . . .) 

X * 



frequencies, was to use a 46-part commutator driven 
at some fraction of the fundamental frequency by a 
synchronous motor and gear wheels. The outer rings 
of the commutator were connected to a d.c. supply, and 
the circuit in use was connicted to the segments by a 
pair of brushes. The^ arrangement is illustrated dia- 
grammatically in Fig. 2. • 'She wave-form of the applied 


At first sight it might be thought that the gear wheels 
could be dispensed with altogether, simply using the 
impressed wave given by (56) and tuning the circuit 
in turn to the various harmonics in it. It would be 
found, however, on calculating the magnitude of the 
fundamental component resulting in the analysing 
wave, that the error term, as found from (3^) would^ 
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► be altogether too great. This results from the large 
magnitude of the ratio in the impressed wave. 

If, however, we change the commutator speed for 
each harmonic and tune the circuit to the fundamental 
of the rectangular wave in each case, we entirely eliminate 
•the effect of the fundamental term in the wave under 
analysis. Thus if n be the order of the harmonic, the 
only harmonics in the auxiliary current will be those 
of order n, 3n, on, etj. In the determination of the 
7th harmonic, for example, the error series will be given 
by e 




(6d) 


Thus, in addition to eliminating the effect of the 
fundamental, the number of important terms in the 
error series is reduced. 

(6) Forecast of errors.—We have shown that the 
error is given by 

aj*i 

We may substitute Irom (4a), values of Tims 

1 


whilst from (5a), 




I 

^ - (for odd values of a?) 

and = 0 for even values of x. 

It is shown in Appendix' 2 that the resulting series 
for ijs IS convergent for all values of n and tliat 


, I T 

^ ^ Wo max. value of ^ 


(5e) 


Thus, even if we had, in tlie wave under analysis 
harmonics of the order (am) having amplitudes equal 
to 26 per cent of the fundamental, we should stiU be in 
a posibon to measure any harmonic to witliin O-OS per 
cent of the fundamental term. ^ 

We have already seen that tliis ratio of I II i« 

Cenwinm commercial altenator. 

GenCTaUy it will be less tlian l/(a;n); this will have a 

maxmum value of i for the Le when 7=? and 
* ^ 1/4500. 

We may therefore conclude that in the analysis of 
Kr ^t®"“^tors by this method, 

introduced by the departure from the sinusoidal of the 
an^ysmg wave wiU be negligibly small. 

(c) Detmls of apparatus.—The complete diagram of 
app^tus used for the analysis is given in Fig. The 
^stTOction of the commutator does not require much 

^^2s castings 

mS iiisulated from each other by 

mica. The castmgs are mounted on a steel shaft and 

^ brush msh^ 

m fitt^ TOth ball bearings and a U-sliaped casting m^ 
.to tahe these. The brushes are * 7 diamete/Sd! 


grade graphite pencils, and are held in small tubes 
attached to the brush rocker which fits over the bearing 
housings. The brushes can be displaced through any 
desn-ed arc by a spring-and-screw adjustment. 

The g^ wheels were cut to a diametrical pitch of 
48 to 1 in., the pitch diameters varying from ? in. to 
m. 

A ring-wound two-pole d.c. motor was adapted for use 
as a s^chronons motor, and gave satisfactory service 
ap^ from a tendency to phase-swing. The motor 
^d commutator were mounted on a bedplate, slotted 
to allow of adjustoent for the various gear wheels. 

The main considerations governing the design of the 
oscillatory circuit were:— 

(i) The ratio of effective resistance to self-induction, 
vA had not to be much greater than 16. 

(u) The circuit had to be capable of oscillating at all 
frequencies from 30 to 1100 cycles per second. 

The choke coil was tlierefore designed to satisfy the 
following conditions:— 

(i) To have a minimum self-induction of the order 
of 0-004 henry and to enable simple multiples 
^ of tins to be obtained. 

(ii) To ^ve a ratio of resistance to self-induction, 
when measured with direct current, of the order 
of 10. 

(iii) To have as low as possible a ratio of ellecUve 
resistance at a frequency of 1100 to resistance 
measured with direct cuirent. 

Details of the calculation for a similar coil constructed 
later are ^ven in Appendix 3. To obtain tlie required 

Io7 th7iT^ eddy-current loss at high frequencies 
low, the coil was wound with 0-018 in. wire. The varia- 

obtained by a series-parallel 
proupmg of the layers, each layer being broujit out 
to separate terminals. To obtain a low figure for the 

“ ®^n was necessary to wind four strands in 

parallel. The e-xact number of turns per layer was cal¬ 
culated, so foat the mutual inductance between any one' 

SbSfJ ensuring approximately equal dis- 

Sind^Xf77“- frequencies. It wJ rfurtlier 
found that to obtain tlie maximum value of Llr for a 

given wmght of copper, the section of the cod iSd to be 

ha!* ^®bown later that the dimensieps of the coif might 
have been much reduced by the u.se of a valve as a 
negative resistance. „ “ a*, a 

= capacity C in the osciUatory circuit was 

^bdivided into steps of 40, 20, 20, 10, 6, and 5 uF 

SSiv ^ ®«frable for continuous 

g at 100 volts. The small tuning condenser C' ' 
covered a range from 0-1 to 8- 0 ^F in convenieS^eps. 

condensers used shall have a 
small dielecfric Joss. The effect of this loss on tlie 
effective ratio r/L for the cifCifit is easily found. Thus 
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when the power factor of the condensers is gmnii we 
have 

cos ^ = r^(7 (approx.) 

where is the effective resistance of the condensers. 
Also, for resc^ance . ‘ * 

0)0 = l/(ct>X) (approx.) 

so that 

tJL s= ft) cos ^ 

The power factor of good paper condensers does not 
vary much with frequency and in the range of frequencies 
from 50 to 2 000 and for tlie large capacity condensers 
used was of the order of 0-0025. Their contribution to 
the effective rjL of the circuit was therefore of tlie order 
of 20 at a frequency of 1100. To reduce diis addition 
to the loss still further, it would be necessary to use 
mica condensers. These, however, were not available 
at the time, and so the effective resistance at tlie higher 
frequencies was larger tlian had been desired. 

To show the necessity for care in this matter, the 
power factor of one set of condensers in use in the 
laboratory proved to be of the order of 0-03. The 
use of these in tlie oscillatory circuit would have resulted 
in an addition to the effective ratio rfL of about 200 
at the higher frequencies. 

Design of instrufnents ,'—It has been shown previously 
that tlie calculation of the amplitude of a harmonic 
3s made from tlie readings of the dynamometer and of 
the instrument measuring the analysing current. A 
good way of measuring this current is to measure the 
voltage across the tenninals of the choke coil. 

It was essential in the first place that the instrument 
used should not increase the effective resistance of the 
circuit to any great extent, and its power consumption 
had therefore to be small. The most suitable instrument 
available in the laboratory for the measurement of tlie 
analysing current was a reflecting-t 5 q)e electrostatic 
voltmeter, giving full-scale deflection for 10 volts. 
Tins >as used in conjunction with a 200 000-ohm- 
resistance potential divider to measure the E,M.F. across 
the oscillatory circuit. The frequency and self-induction 
of the choke coil being known, the current in the choke 
coil can be calculated from the formula 7,/ FJ(nft>7^), 

' since the error caused by neglecting the effect of the 
resistance of the coil can easily be shown to be negligible 
for the given rJL of the coil. It has since been shown 
that the Moullin thermionic voltmeter possesses satis¬ 
factory properties for the purpose. 

To eliminate the losses which would have been in¬ 
evitable in the use of a separate dynamometer instrument, 
the choftcscoil was so designed that it could be used as the 
fixed coil of the dj-namometer. A moving coil with a 
bifilar suspension was placed inside the fixed coil, the 
magnetic axes oi^the two coils being at right angles. 
As the flux density at the middle of tlie large coil 
could not be large, the deflection of tlie moving coil is, 
small and necessitates the use of an optical system for 
the measurement of the deflection. Thus, a concave 
mirror of 2 m radius was fixed to the moving coil and 
the reflection of an illuminated scale observed by means 
of a telescope immediately above the latter, the scale 
and telescope being 3-^fti#from the iftoving coil. The 


moving coil was constructed to have a small radius of 
gyration, the natural period beiiJg about 0-6 second.'* 
It was wound on a former 21 x 1*1 X 0-4 cm, using 
200 turns of 0-0076 in. wfre. The bifilar suspension 
was 5 cm long, spaped 0 - 7 cm. To make the movement 
dead-beat, an oil-immersed paddle was attached. A 
non-inductive resistance of 1 000 ohms was included' 
in the moving-coil circuit so that it could be use^on 
100-volt circuit. 

A sketch of the moving cdil of the dynamometer 
system is given in Fig. 5, anj^ details of tlie movement • 
in Appendix 3, 

Sensitivity .—It is clear that th^ sensitivity obtainable 
depends on the number of ampere-turns it is possible 
to have in the fixed coil. This in turn is limited by the 
voltage it is possible to obtain across the resonating 



circuit. The rating of the condensers and the limiting 
potential difference it is possible to use between adjacent 
commutator segments fix this at a maximum of about 
100 volts (R.M.S.) 

If now T be the number of turns in series in the coil, 
^d L tlie self-induction, we have L = where h 
is a constant, so that 

. ^ B ^ B 

Ampere-turns — —-T ~- 

o>L bo)T 

Thus for a maximum .number of ampere-turns we 
require the minimum self-induction and the maximum 
capacity for any frequenc 3 r. The factor limiting the 
possible capacity is the weight and portability of the 
condensers used, so that 100 /aF may be taken to be a 
maximum. At tlie higher frequencies tlie limiting factor 
is the minimum self-induction it is possible to obtain with 
all the layers of the coil in parallel. This was reduced 
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as far as possible winding the coil with four strands ] 

parallel, giving a Ihinimnm self-induction of 0*0036 
henry. 

At a frequency of 1 160 •it was therefore possible to 
obtain 400 ampere-turns in the fb^ed coil, giving an 
R.M.S. flux density at the centre of the cod of the order 
of 12 C.G.S.. units. With the moving coil constructed, 

E.1fe[.F. of 1 volt across the terminals of the moving- 
coil circuit would give a torque of about 6 dyne-cm on 
the coil, resulting in a deflection of 0* 1°, or 1 cm on the 
• scale. • 

Since we can certainly read the scale to 0*06 cm, 
the value of a harmonic should be determinable to within 
0*06 per cent of the fundamental. The sensitivity 
could, if necessary, be still further increased at the 
expense of the time period of the moving coil, by reducing 
the controlling torque. 

CaXihration .—^The dynamometer was calibrated with 
direct current, care being taken to correct for the earth’s 
field. 

If be the R.M.S. value of the harmonic under 
determination, the impedance of the moving-coil 
circuit to this . harmonic, the number of ampere- 
turns in the fixed coil and d the deflection of the dyna¬ 
mometer when the phase of the analysing current is 
adjusted to give a maximum, then 

d=D^N .( 5 ^ 

W’here JD is the dynamometer constant. 

Possible sources of error. —^The sources of error in the 
methods of measurement adopted above are as follows :— 

(i) The electrostatic voltmeter deflection is propor¬ 

tional to the sum of the square of the amplitudes 
of all the harmonics present in the voltage 
across the oscillatory circuit, and not simply 
to the square of the amplitude of the harmonic 
under determination. 

(ii) The impedance of the moving-coil circuit is not 

quite independent of frequency, the self-induction 
being of the order of 6 mH. At a frequency of 
1160 tile error introduced by this will only be 
of the order of 0*1 per cent. 

(iii) The mutual induction between the fixed and the 

moving coils of the dynamometer causes an 
error proportionate to the square of the frequency 
and so may be important for the higher har¬ 
monics. 

(iv) The distribution of current in the fixed coil may 

change slightly with frequency and so affect 
the constants of the instrument. 

These sources of error are considered in Appendix 4, 
and are there shown to be negligible. 

(^) Method followed in the analysis of a voltage wave¬ 
form. —^The diagram of connections is given in Fig. 2. 
The brush gear on the corqmutator is first adjusted so 
that the inner brushes are in exactly corresponding 
positions on oppositely connected segments of the com¬ 
mutator. The outer brushes are connected to a battery 
supply giving up to 260 volts, a non-inductive resistance 
of the order of 60 000 ohms being connected between 
the battery and. commutator. The gear wheels neces¬ 


sary for the particular harmonic under measurement 
are fitted and the motor run up to speed and synchronized 
with the machine or supply whose wave-form is to be 
analysed. 

The value of capacity required in the resonating 
circuit is calculated, the layers of the choke coij. being 
connected to give the largest possible value of capacity 
for the given frequency. The supply switch to the 
commutator is closed, and the oscillatory circuit tuned 
to give approximately a maximum reading on the electro¬ 
static voltmeter. 

The moving-coil circuit is closed and the brush rocker 
on the commutator moved until a maximum reading is 
obtained on the dynamometer scale. Before taldng a 
final reading, the tuning of the oscillatory circuit is 
adjusted to the exact resonance point. The R.M.S. 
voltage of the supply under test is read by an ordinary 
precision voltmeter, and the frequency determined either 
by a frequency meter or a tachometer. The ampere- 
turns of the fixed coil are calculated from tlie reading 
of the electrostatic voltmeter, and the amplitude of the 
harmonics are then determined from (6/). Thus we have: 


The greatest source of trouble in this method is the 
effect of sparking at the commutator segments, the 
carbon deposited from the brushes causing partial 
short-circuits as a result of the high potential difference 
existing between segments. The difficulty was partly 
overcome by making small sleeves of copper gauze to 
slip over the tips of the pencils, but this could not be 
regarded as a satisfactory permanent arrangement. 

Phase-swinging of the synchronous motor was a 
furtlier source of trouble. It results in a periodic varia¬ 
tion in the angle of phase difference between the 
analysing current flux and harmonic current. The 
variation is of course worse for the higher hariponics, 
since a change of 1° in B, the phase difference for the 
fundamental, means a change of 23® in B for the 23rd 
harmonic. Since the deflection of the dynamometer 
is proportional to cos 6 ^* tlie amplitude of ihe variation 
for small values of 6 ^^ is proportional to sin 6 ^ and is 
small when Bf^ is small. Thus when the brushes were 
adjusted to give a maximum reading on the dynamometer 
scale, the variation became small and it was in all 
cases possible to obtain readings with an accuracy of 
1 to 2 per cent of the full deflection. It would no doubt 
be possible to reduce this source of trouble very con¬ 
siderably by using a properly designed The 

motor used had solid poles, but no dampers. 

(e) Tests on completed apparatus. tests carried 
out on the completed apparatus were as follows ;— 

th 

(i) Oscillographic investigation of current and voltage 

wave-forms in various parts of the circuit. 

(ii) Analysis of oscillograms of analysing current wave.^ 

(iii) Analysis of open-circuit pressure wave of Kolben 

three-phase alternator, and comparison of 
results with analysis of oscillograms recording 
the same yaves. ^ 

(iv) Experimental proof of accuracy of the method. 
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During the course of the tests it was found that the 
effective ratio rjL of the circuit increased from the d.c. 
value of 10 to a limiting value of the order of 60 for 
the higher harmonics. This was probably due in part 
to defectivg insulation in the large coil. The tests 
were proceeded with, but it is to be expected, from the 
theoretical discussion given above, that the errors 
obtaining will be of a higher order than would have 
been obtained had the ratio rjL been 16, as anticipated. 

Test (i).—^Fig. 7 shows the E.M.F. wave given by 
the commutator when running at a frequency of 60, 
The oscillograph used was the Duddell type having a 
natural frequency of 3 000. 

Fig. 8, curve A, shows the wave-form of the current 
flowing into the condenser of tlie oscillatory circuit. 



The phase-voltage and line-voltagewav^were analysed 
by the d3mamometer, and oscillograms of the same waves 
were taken by two separate oscillographs. Both oscillo¬ 
graphs were of the Duddbll t 3 rpe, having natural fre¬ 
quencies of 3 000 and 7 000 respectively. The oscillo¬ 
grams were analysed by Clayton's modification of the 
Runge method, using 26 ordinates per half-cycle. The 
results are given in Table 2. • . 

The probable order of accuracy of the r^ults for the 
djmamometer metliod is indicated in each case, the 
figures being based on thc^ steadiness and consistency 



Fig. 8. 


Curve A, current in condenser of oscillatory circuit 
Curve B, current in choke coil. 


The ripples show the points where the condenser 
receives energy from the commutator. Curve B is the 
wav^-form of the analysing current in the choke coil. 

Fig. 9 records the rate of change of tlie currenl; in the 
choke coil. It was obtained by connecting a small 
search coil to the oscillograph elements and approaching 
this coil to the choke coil until a suflicient deflection was 
obtamed on tlie oscillograph. By this means any har¬ 
monics in the analysing wave will be magnified in pro- 


Fig. 


• 


\ —1 



u 




7.—Hand tracing of E.M.F. wave-form from commutator. 


portion to their order. It will be seen tliat it is re¬ 
markably free from higher harmonics. 

Test (it) : Analysis of Fig, 9.—Fig. 9 was analysed 
by the Runge method, using 14 ordinates per half¬ 
cycle. No harmonic greater than 0*1 per cent of the 
fimdah^tal was found to exist in the actual current 
wave. 

Tesi (in): Analysis of phase and line voltage of id-hW 
KoJben altefnat«r for fixed load and excitation.—rbis 
machine forms part of the equipment of the electrical 
laboratories of the Manchester College of Technology. 
It has 6 slots per pole in the armature and might there¬ 
fore be expected to have predominant 11th and 13th 
harmonics. The only load on the machine during the 
test was due to the synchronous motor, and since this was 
of the order of 0-4 kW it would have very Httle effect 
on the wave-form. ^ . 


of tlie readings obtained. It wiU be noted tliat for tlie 
most part tliey lie within the limits ± 0-1 per cent of 
the fundamental. The oscillograms were not enlarged 
for analysis, and greater accuracy than to witliin 1 per 
cent of the fundamental could hardly be hoped for. 

It will be noted, on comparing the figures for the 
harmonics in the pliase and line pressures respectively. 



Fig. 9.—Rate of change of current in choke coil. 


tliat the 3rd and 9tli harmonics do not quite disappear 
in the line pressure. This is probably due to lack of 
balance in the phases. 

The 16th and 21st harmonics were not determined, as 
gear wheels corresponding to these orders had not been 
cut. 

Figs. 10 and 11 show the oscillograms of the two 
wave-forms analysed. 

Test (iv) : Experimental proof of the accuracy of the 
method. —If we can prove:— 

(i) That the reading obtained on the dynamometer 

for any harmonic is independent of the values 
of all tile other harmonics; and 

(ii) That the method gives a correct value for the 

amplitude of an E.M.F. wave of any single 
frequency. 
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it follows that the reading obtained for any harmonic 
df a complex wave is ccjrrect. 

To prove (i), let us suppose that the reading obtained 
for the nth harmonic is affecisjd by the other harmonics. 


coil circuit, so that the impedance of the circuit becomes 
approximately ll{na>Cp) to the nth harmonic (see Fig. 6); 
and suppose then the phase of the analysing current 
was readjusted to give a maximum reading of the 


Table 2 . 


f Analysis of Phase and Line Voltage of Three-Phase Kolben Alternator at 45 Cycles per sec. 


1 

« Line voltage, per cent 

Phase voltage, per cent 

Order of 
harmonic 


By loW'frcquency 
oscillograph 

By high-hrequency 
oscillograpii 

By dynamometer 

By low-frequency 
oscillograph 

By high-frequency 
oscillograph 


percent 

per cent 

per cent 

per cent 

jier cent 

per cent 

1 

100 

100 

100 

100 

100 

100 

3 

0-53 ± O'Ol 

0*0 

0*6 

10*0 ± 0*06 

11 

11 

5 

5*7 ± 0-1 

5-6 

5-6 

6-0 iO -20 

4*3 

4*1 

7 

0-20 ± 0*03 

1*8 

0-6 

0-24 ± 0-03 

1*4 

0*6 

9 

0 04 ± 0-01 

0*0 

0>3 

7*6 ± 0*1 

6-6 

8*3 

11 


3*3 

1*6 

2-7 ± 0-06 

0*4 

2*3 

13 

5-2 ± 0-1 

5*2 

5*2 

5-1 ± 0-1 

2*9 

4*5 

15 

— 

— 

— 

— 

_ 

. 

17 

0-66 ± 0-03 

0*9 

0*8 

0-62 ± 0-03 

0*6 

0*6 


0-63 ± 0*03 

0*4 

0*5 

_ 



21 

— 

— 

— 

—— 



23 

2-4 ± 0-1 

1*2 

2*0 

2-4 ± 0-1 

0*4 

2*2 


We have • 

where Ei, , , , E^^ are tlie amplitudes of the various 



Fig, 10. — Line voltage of Kolben alternator. 

harmonics of E.M.F. applied to tlie moving-coil circuit 
of the dynamometer, and Pi, fin are constants 



Fig. 11.—^Phase voltage of Kolben alternator. 


for fixed conditions of the oscillatory circuit and fixed 
impedance of the moving-coil circuit. 

Suppose now that we substitute a small-capacity 
smes condenser for the series resistance of the moving- 


dynamometer, the amplitude of the current being rliain- 
tained constant. 

Then let % be the new deflection obtained; for 
we must write and for fin, Pn^ncoC, the factor 

Aj. being necessary since the phase relations between 
flux and current of frequency cco) are no longer the same. 

Thus we have 


(in = ra}0{nfi„^n + • • • + 

and 

1 cln ■ ^ 


ma)0 dn 




Pn 


Pn 


■Es + ... 

/J-n 


(Sg) 


If now we can find experimentally —^— • — for 

^ rncoC dn 

various values of n and show it to be equal to unity in 
all cases, within the limits of experimental error, then 
the only reasonable conclusion is that ■ ^ 

— ^3 = ~ • .W-a? = 0 4= 

In other words, the reading obtained for any one 
harmonic is independent of the values of all the otlier 
harmonics. 

In carrying out this test it should be noted that ' 
when using a series condenser in the moving-coil circuit 
the error due to the mutual induction between fixed 
and moving coils of the dynamometer is greatly increased, 
since the induced Current in tfee^^ifioving poil is brought 












AN ELECTRIC HARMONIC ANALYSER. 


81 


into phase with the inducing flux. The magnitude of 
the error has therefore to be found at all positions on 
the scale and for all frequencies, and the correction 
applied. 

The lesulig obtained are given in Table 3. 

n 

Table 3. 


Order of 
harmonic, n 

d,i 

-JLv 

mwC 

3 

10-0 ±0-06 

10*1 

5 

6-0 ±0-2 

6-8 

7 

0-24 ± 0-03 

0-20 

9 

7-6 ±0-10 

7 6 

11 

2-7 ±0-06 

2*7 

17 

0-62 ± 0-03 

0*63 


Within the limits of experimental error — ? - . ^ 

rnwC * d„ 

IS equal to unity and we may therefore take it that to 
a sufficient degree of approximation the reading obtained 
on the dynamometer for one harmonic is independent 
^ of the values of all the other harmonics. 

To prove (ii), the amplitude of the E.M.F. across the 
oscillatory circuit when tuned to the 19th harmonic 
was ^neasured by the dynamometer and the result com¬ 
pared witli tlie value given by a direct reading on the 
electrostatic voltmeter. The connections for this test 
are given in Fig. 6. 

It is necessary to replace the series resistance in the 
moving-coil circuit of the dynamometer by a small- 
capacity series condenser in order to bring the moving- 
coil current into phase witli the fixed-coil flux. 

It was shown that with a deflection of 90 cm on the 
scale the current as calculated from the dynamometer 
readmg and that calculated from the reading of the 
electrostatic voltmeter agreed to within ± 1 per cent. 
This would in general be within 0* 1 per cent of the 
fundamental. 

We have therefore proved that this dynamometer 
metliod will give values for the harmonics of a complex 
wave correct within the limits ± O-I per cent, provided 
the dynamometer and electrostatic voltmeter can be 
read to this degree of accuracy. Generally the limiting 
factor in the accuracy attainable is the unsteadiness of 
the deflections obtained. 

(/) Concli4sionSi —^The method of analysis outlined 
above^^ one which allows a much higher degree of 
accuracy to be obtained in the determination of har¬ 
monics of orders^up ‘to 30 than has been possible pre- 
viously. Results should in general be accurate to 
within 0 • I per cent of the fundamental, whilst harmonics 
of amplitudes less than I per cent of the fundamental 
may be measured to within 0*05 per cent of the 
fundamental. 

The figures obtained in the tests given above would 
undoubtedly have been improved upon had the eflective 
ratio rjL for the oscillatory circuit been of Idle order of 
16 instead of 50. TJ;ie apparatus wijh the commutator 
is, however, ‘too comp!^ated for general commercial 


use and its principal value will probably be to act ujg 
a standard against which other iiiethods may be checked 
as they are developed. 

The authors therefore proceeeded to design a simpler 
apparatus. 

6. A Method of Analysis in which ihe Ana^^ysinh 
Current is obtained from the A.C. Supvi.y 
BEING Analysed. • 

(a) General principles oj^ wcthod ,—In Section fi it 
was shown that, by using the dynauiomoier pi*inciple 
and obtaining the necessary sinusoidal analysing current 
by tuning an oscillatory circuit to the fimdamcnlal of 
a rectangular E.M.F, wave of suitable frequency, a 
method is obtained wdiicli possesses very considerable 
accuracy and which may therefore be termed a standant 
method. The rectangular E.M.F. wave for this method 
must have the frequency of the harmonic being found, 
and is obtained from a d.c. supply by means of a multi¬ 
part commutator driven at an appropriate speed... 



j.i 

Order of Uarmotiic 

Fig. 12. —^Curves showinR the inagnititdcs of tlie v.iricniK 
harmonics in tlie given wave-form for several values of «. 


which will of course be different for the diifercnt 
harmonics. 

The metliod of analysis now to be descrilitsl was 
developed from this standard method by two important 
modifications. In tlie fii-st place, to avoid the necessity 
of inducing in the oscillatory circuit an K.M.b’. wave of 
a different fretiuency for each harmonic to lie found, 
tlie oscillatory circuit was tuned to the various har¬ 
monics in a single E.M.F. wave of a suitable form. In 
the second place, to avoid introducing the inherent 
drawbaclcs of a commutator and the need for a .separate 
d.c. supply of, energy, this special E.M.F. wave was 
obtained from the a.c. supply being analysed, by the 
use of a saturated transformer and neon-lillecl glow- 
lamps. 

Since the fundamental frequency of the induced E.M.F. 
wave will be that of the wave being analysed, the scries 
for the dynamorneter error will have terms corre.sponding 
to each harmonic in the wave under analysis. In this 
series the term due to the presence in the analysing 
current of a harmonic of fundamental frequency will in 
general be by far the most important, and so from 
general considerations an E.M.F. wave is rer|nircd in 
which the fundamental is small compared witli the 
lower harmonics. 

As it is difficult to obtain a practical wave-form with 
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no fundamental, tli| most convenient wave for our 
purpose is one in whibh the magnitudes of the lower 
harmonics are approximately proportional to their 
orders. The simplest of such wave-forms is that shown 
in Fig, 12, which contains only odd harmonics and no 
cosine terms. 



B =s adjustable choke coil. 

T *= saturated transformer. 

N « neon.>fiiled glow-Jainp, 

Ml =s air-core mutual inductance. 

P »* pressure coil of dynamometer. 

« small-capacity condenser (0*1 itF). 

R* =a non-inductive resistance (1000 ohms). 

F « frequency meter. ' 

E.V. js* electrostatic voltmeter. 

*By the usual process for determiaing the Fourier 
coemcieiits of a periodic wave, we have 

An = amplitude of «th harmonic = — f/ft) sin ncDt dt 

_ 8.Er() sin^ ncL 

TT n 

where/(«) gives the form of the E.M.F. wave; 


the mrcmt shown in Fig. 13. The primary of a 
saturated transformer is connected to the a.c. supply 
to be analysed though a choke coil such that the 
current is maintained almost sinusoidal, and saturation 
takes place early in each half-cycle. 

The wave-form of E.M.F. given by the secondary of 
the transformer is as shown in Fig. 15(rt). 

The secondary circuit of the transformer is completed 
tmough several neon-filled glow-lamps, and the primary 
of an air-core coupUng with the oscillatory circuit. 

The characteristic of the neon lamp enables us to 
utilize only the sharp peaks of the secondary E.M F 
wave from the transformer, and thereby to keep to a 
minimum the magnitude of the fundamental in the 



= max. value of E.M.F.; and 

a = ir Pliase angle of duration of each complete 
impulse of E.M.F. 



« suitable E.M.F. wave in 
tlwoseiUah^ cwcmt by the use of a saturaied transformer 
<^ndneon.fi^i desired E.MR 

y e mduced m the oscillatory circuit by means of 


(c) 


Fto. from osdUogram records takeiTwith 

Duddell high-frequency oscillograph. 

transfonaer. 

{c) E.M.F. induced in oscillatory circuit. 

resultant current wave. The d.c. characteristic of the 
neon lamp is such that a definite E.M.F. o is required 
to stot the current in either direction. For an applied 

E m'p current, while for a greater 

E.M.r. the lamp behaves as a large non-inductive 
r^istance where the effective E.M.F. is equal to the 
applied E.M.F. mmus the starting E.M.F. e. This gives 
practically a straight-line characteristic, neglcfting a 
small hysteresis effect. ^ 

In the actual lamps manufactured, owing to disBitv..-i 3 ,- 
^trades the effective resistance is ;Jifferent for the 
Si. 1 ““ of current. However, by always using 

these lamps in pairs, with those of each pair " back to 
characteristic can be obtained as shown 
to make a (see Fig. 12) ' 

.sm^. It may be necessary to use four neon lamps in 
series. * 

each lamp, 

so that the maxiifium E.M.F,,g^6n by the transforms 
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may have to exceed 1 600 volts if four neon. lamps are 
used in series. 

A current having an almost triangular wave-form 
oyer a small part only of each half-cycle, as shown in 
Fig. 15 (£>), is obtained in the neon-lamp circuit. This 
current indu<^fes an E.M.F. approximating to the desired 
wave-fbrm [Fig. 16 in the oscillatory circuit. 

(c) The harmonics in the F.Jkf.P. wave induced in the 
oscillatory circuiL—Th^ wave-form of E.M.F. induced in 
the oscillatory circuit is similar to the theoretical wave 
already considered, except that the comers are con¬ 
siderably rounded off. It is to be expected from this 
that the higher harmonics will be smaller and wiU fall 
off more rapidly than in this tlieoretical wave. 


(ii) By the analysis of an oscillogram record of the 
given E.M.F. wave obtained with the Duddell* 
high-frequency oscillograph, by the Clayton 
modification of the Runge method, using 
selected ordinates. 

The magnitudes of the harmonics found by these two 
methods are shown in Fig. 16. A reproduction Gl the- 
oscillogram of this E.M.F. wave is also given. The 
harmonics in the limiting forriSs, rectangular and tri¬ 
angular, of the E.M.F. wave^j^shown in Fig. 17 are also 
indicated by the dotted curves for comparison purposes. 

It can easily be shown by the ordinary process for 
determining the Fourier coefficients of a wave-form. 


N 0-11 




(a)--& —Harmonics as found from analysis 
of oscillogram 

(h )—®—Harmonics as calculated from 
resonating voltages 

(c) —X— Harmonics in limiting wave of 

rectangular form as shown in Tig. 17(a) 

and for wMcIl 

B—Harmonics in limiting wave of 

triangular form as ^own inTig.l7(^) 

SiTi..g(r(l-cdS^or) I 

Tfoc* 



Fig. 16.- 


"1 9 11 13 

Order of harmonic 
-The harmonics in the E.M.F. wave induced in the oscillatory circuit. 
Note :—Only odd hannonics in the wave-forms represented. 


Froni the symmetry of the wave we can predict tliat 
no even harmonics will be present, and that the cosine 
terms will be negligibly small compared with the sine 
terms if time is measured from the instant of zero 
E.M.F. 21*5-the middle of the double impulse. 

The actual harnipuics in the E.M.F. wave obtained, 
for a given setting of the transformer primary and 
secondary circuitS 4 ^ were calculated : 

(i) From the magnitudes of the resonating voltages 
across the main coil, witli the circuit tuned in 
turn to the various harmonics in tlie E.M.F. 
wave, by the use of tlie formula 



See Ap^eSidiji 6, Equation (Sl). 


that for the rectangular wave [Fig, 17 (a)] the xtb 
hannonic, where sc is odd, is 

SEq siu2.ra 

TT X 

and for the triangular wave [Fig. 17 (Zi)] the a;th har¬ 
monic is 

B — sin rga(l — co s xa) 

^ 7ra 

AH the even harmonics are zero for both these wave¬ 
forms. 

Curves {c) and (d). in Fig. 16 were plotted from these 
expressions, the value of a taken being the mean 
value found from the oscillogram record, which in tbi< ? 
case was 0* 186 radian = 10*6®. 
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, It is seen &at |or a: < H, i.e. for *0 < 110". the 
achial harmonics in fhe E.M.F. wave are intermediate 
between the corresponding harmonics in the two limiting 
waveforms. The actual Earmonics are, however, so 
much nearer to those in the triangular than to those 
in the rectangular form of the limiting wave, that the 
^form^ may be taken as quite a fair approximation to 
the actual wave np to xa = 140°. 

To measure harmonics up to the 23rd, the supply to 
the oscillatory circuit Snust be so adjusted that the 
value of a for the indued E.M.F. is about 6°, this 
giving a wave-form in which the maximum harmonic 
IS in the neighbourhood of the 11th or 13th, and the 
firet negligibly small harmonic near the 29th or 31st. 
The graphs could not be given for this case as experi¬ 
mental figures were not available. 

(d) The harmonics in the analysing current of the 
dynamometer and the theoretical error due to them —The 
oscillatory current will be the analysing current tliat 
passes through one coil of the dynamometer, whether the 
mam inductance be used as the fixed coil of the dyna- 
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It has already been shown [see 3(e)] that for tlie 
dy^mometCT the error due to the analysing current 
not being sinusoidal is given in terms of the funda- 
mental by 

Cp / 



(noting that, by definition, sc cannot equal »). 

value found to the maximum possible 

value of this senes by replacing cos 6^ by unity in 

^ries ^rlln, and then summing tlie 

1 corresponding to ranges of a; from 

than the highest value of n required. 

■ly _r * 

from Equation (29). Appendix 6. and so 

tcl' *2 _ Jj2 


(C—CO 

Zj Ix ' En - n2 

9?—/l. _Lt» " 


Tr t 

“121 “ 

Let n = ord^ of hannonic being found, which is also 
the order of the harmonic in the E.M.F. 

wave to which the oscillatory circuit is 
tuned. 

.r = order of any other harmonic. 

En. In = na ponies (maximum values) of induced 

'.M.F, and resultant current respectivelv 
^ in oscillatory circuit. 

Hx. Ix = harmonics of E.M.F. and current of order a: 






X 


(to a 1st approximation) 


wh^e L = total inductance in oscillatory circuit — r j. r 
— + ^*2 -f n^co^Lyii 

thfl^or^the^T'*"^^ calculation of 

for our p^L ^PP^°^®«o^ for /„//; will suffice 


The lower section is summed term by term to give as 
^ possible, while for tlie^gher 

<oL Zj Ix En a^-n^ 

«=*.+2 

s _ 0-577a 1 

^I' sin na(I — cos naj I — (n/ato)® 

r / x = x , 

<JiJf ^ * 

En'a?- 

+ ( 0’S77a ^ 1 

\sin na(l — cos no) j _ (ft/«o)"/i ‘ 

In evalu^g the separate terms of the lower section 

2ti^^ o/ ' replaced by AJ^„. the 

ratio of corresponding harmonics in the limiting tri- 

OT^d^^hflt* ^ degree of approximation, 

as 6 The shght error introduced by talSm A lA 
for EJEn m the terms for which & = 27 and^a; = 29 
^11 not appreciably affect the yalue of the total error, 

oases to the 

terns of the fundamental and lower harmonics. 

The ma^um possible yalue of the total error 

hSSrfmagnitudes of the various 
1 '^ave-form being analysed, and so 
IS maximum value of ^ has been worked out for five 
more or less standard, cases for an r/L of 15 and a 
fundamental frdSjnenc}’’ of ^Q,. 
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The five particular 
follows:— 

(i) TIw rectangular wave in which IJIi = l/*. it 
has l^en shown previously that this wave- 
^fom IS much worse than any likely to be met 
with m practice. 

(ii) 4 wave in which aU the harmonics up to and 
mcludmg the 19th are 5 per cent of the funda¬ 
ment^, and the remainder have the same 
^plitades as in the rectangular wave, i.e. 
(lOO/o?) per cent of the fundamental. 

(m) A wave in which all the harmonics except the 9th, 
11th, 19th, 21st and 29tli are less than 1 per 
c^t or (100/a?) per cent of the fundamental, 
w ichever is the smaller, wliile these five parti¬ 
cular harmonics have amplitudes (100/a?) per 
cent of the fundamental. 


For all these cases a?^ hats beep* taken as 29 when 
finding harmonics up to and including the 17th, while 
for the 19th, 21st and 23rd l^armonics it has been taken 
as 36 in order to keep to a fairly close degree of 
approximation throughout. 

Since the factor cos 0^ in each term of the series for 
the actual error may have any value between - kand 
H- 1, it is probable that in general the actual error will 
not exceed about one-fourth qf the maximum value 
calculated. Thus, witli perhaps the exception of the 
third harmonic, the error aillicipated will not exceed 
about 0 • 1 per cent of the fundamental for a ratio rJL 
of 16 for the oscillatory circuit and a frequency of 60 
for the wave under analysis. In the determination of 
the 9th and higher harmonics the actual error may 
conceivably be much less than 0*1 per cent of the 
fundamental, as the maximum possible error will not 
in general exceed 0*25 per cent of the fundamental. 
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wave-forms considered are as 



This case might be considered to correspond 
,to that of an alternator having a, very pro¬ 
nounced tooth ripple of low order. The lower 
the order the greater is likely to be the error 
introduced. 

(iv) A «rkve in which all the harmonics are less <-iigT| 

1 per cent or^lOO/®) per cent of the fundamental 
whichever is the smaller. ' 

(v) The wave-fonp of phase voltage of the three-phase 

Kolben alternator as analysed by the standard 
method. The results given in Table 2 are 
taken for harmonics up to the 23rd, and beyond 
this it is assumed that the harmonics do not 
exceed 3 per cent or (100/*) per cent of the 
fundamental, whichever may be the fiTnoii...- 
The results giving the error as a percentage of 
the fundamental embodied m Fig. 18. 

VOL. 63 . 


{&) Note on wave^fovin of anulysing cuwent, —Oscillo- 
^aph records of the resonating voltage across the main 
inductance for the oscillatory circuit tuned to various 
harmonics in the induced E.M.F, wave are given later 
in Fig. 19. From these it is seen that the form of the 
resonating voltage and therefore of the analysing current 
is in general tliat of a series of trains of damped oscil¬ 
lations, each train commencing witli the impulse of 
E.M.F. induced in the circuit. 

During the period between two successive impulses 
the circuit oscillates at its natural frequency, the 
current following a law of the form 

i = sin n'cot 

where n' = and so differs very little 

from n, the order of ihe harmonic to which the circuit 
is tuned. Thus the current gradually changes its phase 
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with regard to tHe; corresponding harmomc in the 
induced E.M.F. wave, until with the next impulse of 
E.M.F. the initial phase r^ations are again restored. 

It might at first be thought that our previous theory 
is invalid, since there we considered undamped waves 
throughout. It wUl be seen, however, that, the wave- 
f<M:ii*of oscillatory current is periodic in twice the tune 
between two successive impulses of E.M.F., and hence, 
taVin g this as the funcl^imental period, we may resolve 
the trains of damped oscillations into their undaniped 
Fourier components, to wfiich the preceding theory does 
apply without modification. 

(f) Details of appayatiAS and experimental methods. 
The final method of analysis adopted, in which the 
whole apparatus is portable, is based on the neon-lamp 
method at present being described. In this ongxnal 



ralKesariatmg Tcttage: a'.^-luiimoinic 



fOEesonating vdtage: 9%arm0nic 


voltage of about 30 volts across the primary wmdmg. 
A Tnavimiim secondary voltage of about 2 000 was 
obtained, owing to the very peaked nature of the wave- 

^°^e neon-filled glow-lamps employed v^e ^e 6-watt 

Osglim lamps for use on a 220-volt d.c. circuit. It 
w^as found convenient to use four of these in series, 
two pairs, with those of each pair ''back to back, 
this enabling us to induce a symmetrical E.M.F. wave 
in the oscillatory circuit, as already explained. 

The air-core mutual inductance, by means of which 
the desired E.M.F. wave was induced in the oscillatory 
circuit, consisted of a primary coU having about 5 000 
turns of fine wire and a mean diameter of about 15 cm, 
a secondary with about 30 turns of stranded wire, and 
a d.c. resistance of 0-12 ohm. As previously pointed 




rrf>lesorLati-n.6 voltage: is^ianwaiic 



(■filKeSimalingvoltage: (/^BesOMartingvoLtage: 2fi^liarnu)nic 

... . _J._ 4 .^ ■ho-rmrt-nir.B ill ^ 


Fig. 19.—Wave-forms of resonating voltage, with oscillatory 




neon-lamp method serviceability and portability were 
not premier considerations, as it was only desired to 
obtain practical results to verify the principles under¬ 
lying the method. The actual form of the apparatus 
used, in which essentially laboratory methods of 
measurement were employed, will here be described. 

The temporary apparatus used for the justification 
of this method differed from that used in the standard 
method emplo 3 nng a commutator, but only in the means 
of excitation of the oscillatory circuit. 

The full diagram of connections is shown in Fig. 13. 
The transfoirmer used was a small instrument trans¬ 
former, rewound to give a high secondary voltage, with 
a ratio* of fxansformation of 1 to 12. The choke coil 
in the primary circuit was such that with no rheostat 
resistance in circuit a current of about 10 amperes was 
taken from the a,c. supply at about 200 volts, this being 
sufficient to saturate the core of the transformer over 
'“^the greater^part of the C 5 ^cle, and giving an R.M.S. 


out, owing to short-circuits that developed in the maiit 
coU this had a ratio r/L of 60 instead of 10, for which it 
was designed. The ratio rfL for the whole oscillatory 
circuit was increased to 70 by the secondary^ of the 
coupling when the large coil was connected with all its 
layers in parallel to give a minimum self-inductance. 

The remainder of the apparatus was as in the standard 
method, the resonating voltage across the main induc¬ 
tance being observed by the user of an electrostatic 
voltmeter in conjunction with a potential divider, while 
the deflection of the dynamometer whose fixed coil was 
the main inductance of the oscillatory circuit was 
observed by means of the reflecting system already 
described. 

The general method of test for the analysis of an 
E.M,F. wave is as follows :— 

The transformer is energized from the same source 
of a.c. supply the wave-form being analysed. The 
choke coil in the primary tocuit is adjusted so that a 
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current sufl&dent to saturate the core is obl^ed, in 
this case about 10 amperes. The peaks m the wave¬ 
form of voltage across either of the transformer wm<to^ 
are most pronounced when the prim^ cureent is 
maintained nearly as possible sinusoidal. Tnus we 
use a .phoke coil in the primary circuit in preference to 
a resistance, and also keep the R.M.S. voltage across 
the primary of the transformer less than about 20 per 
cent of the supply voltage. This necessitates an a.c. 
supply at about 200 volts for the particular tr^sformer 
used. Should the supply voltage be much less 
this, it may be advisable to have it stepped up first by 
an ordinary transformer. 

The number of neon lamps used m the second^ 
circuit of the transformer must be such that me 
maximum harmonic in the E.M.F. wave induced in the 
oscillatory circuit is about the 11th or 13th. 

The oscillatory circuit is tuned to the harmonic m 
the induced E.M.F. of the same order as to be 
found in the wave under analys^, tlie electrostatic 
voltmeter giving a maximum reading when the circuit 

is exactly tuned. , 

The magnitude of the harmonic is found from the 
resonating voltage and the reading of the djmamometOT. 
We may eliminate the term cos (ij^, — fnl eitliCT oy 
adinsting the phase of the current in the primal 
circuit of the transformer until the dynamometo read¬ 
ing is a maximum (a non-inductive resistance being m 
seriest.with the pressure coil), or by taking two readmgs 
of the dynamometer with a non-induc^ve resistance 
and a small-capaoity condenser respectively m senes 
with the pressure coil. 

In the former case the phase of the current is changed 
by introducing resistance into tlie primary circuit of 
the transformer; and at the same time reducing tlie 
reactance of the choke coU to keep the current 
Then with the same notation as in Equation {of) oi 
Section 6 we have:— 

N can be found from the resonating voltage 7^, thus 

. -ZiL X (No. of turns in series) 

nwL 

and hence can be determined. 

In the second case in which the double-reading 
method is employed, if and do ^.re the two dynar 
mometer readings obtained with series resistance and 
capacib^'respectively, we have :— 

di=:DN^ cos 

do cos -I- Jw) approx. 

• DN ^ sin 6n 

If w-- 

then ' * + 


Although the latter method was«used throughout the. 
tests made with this neon-lamp method of analysis, it 
was used only because it was more convenient at the 
time, for it was found rather difficult to change the 
phase of the current by adjusting the resistance and 
choke coil so that the magnitude of the current remained 
unaltered, and at the same time to watch f<y the^ 
maximum dynamometer deflection through the tele- 

scope. • ^ 

In the final method of analysis adopted, the phase¬ 
changing method is recommended for obtaining the 
dynamometer deflection. The advantage of this method 
is that only one reading is necessary for each harmonic, 
and the possible error is not greatly increased if f^e 
reading is taken with tlie resonating current not quite 
at its maximum value, whereas with the double-reading 
method it is essential to tune the circuit exactly for 
each of the two readings, as otherwise there may be 
quite an appreciable change in the phase of the resonating 
current if the frequency changes slightly. 

(^) Further possible sources of error, 

(i) In the latter method of finding the harmonic by 
a double reading of the dynamometer an error will be 
introduced, due to the phase of current in the pressure- 
coil circuit not being changed by quite 90®. 

It can be shown that the fractional error due to this 
cause lies between the limits ± J sin where ^ 
of phase difference from perfect quadrature. Details of 
the calculation involved are not given, as this double¬ 
reading method was finally superseded. 

On inserting the values of the pressure-coil constants, 
fi was found to be 6® 41' for the 23rd harmonic, givmg 
an error of 6 • 8 per cent of this harmonic. 

As this error increases with the order of the harmonic, 
it is in general quite small compared with the error due 
to unsinusoidal analysing current, which for the higher 
harmonics may have been as much as 0*5 per cent of 
the funda-mental for the inductance coU used. 

An additional error may be caused in this method if 
tlie frequency changes between the two readings, for in 
this case the circuit-has to be re-tuned for the second 
reading and the phase of the current may be changed 
by a small amount relative to that of the induced 
E.M.F., owing to the fact that it is impossible to ensure 
that the current is exactly in phase with the E.M.F, in 
either of the two cases. The amount of this possible 
phase-change depends on the sensitivity of the instal¬ 
ment measuring the resonating voltage. For an instru¬ 
ment that can be observed to 1 part in 600 the rnaximim 
possible error may be increased for all harmonics by 
about 3 per cent of the harmonic. Even this, however, 

is not serious. , 

(ii) When using a condenser in series with the pressure 

coil we alter 4/Ii from its value when employing 
series resistance, and so alter the terms in i^e ex^ession 
for the error in the d 3 mamometer reading. For ^ 
values of x less than n the terms are decreased, while 
for all values of x greater than n they are mcreased. 
This ratio of increase of corresponding terms has, how¬ 
ever, an upper limit of ^ 

Thus, since in the original expression for the error 
the term due to the fundamental is perhaps the most 
important, it is reasonable to suppose that the resultant- 
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•error will not be incfe|ised when capacity is substituted 
for resistance in the pressure-coil circuit. 

(iii) When using a series condenser in the pressure- 
coil circuit the current induced in this circuit by the 
fixed-coil flux is almost in phase with this latter, and 
so the mutual-inductance error may be relatively much 

^moreiiimportant than for the case of a series resistance, 
dealt with for the standard method in Appendix 4 (ii). 

To ascertain whether^ this error was appreciable for 
the particular dynamometer and series condenser used, 
the most convenient methdd was adopted, namely, that 
of short-circuiting the pressure coil and its series con¬ 
denser, passing a known current through the fixed coil, 
and observing the deflection of the moving coil for 
various initial positions. 

The extra deflection observed was in all cases in¬ 
appreciable and so the error due to this cause could be 
neglected. 

(iv) All otlier possible sources of error have already 
been dealt with in connection with the standard method 
of analysis, it being shown that the magnitude of the 
error introduced is in every case negligible. 

(A) Results of tests, —Oscillogram records of the 
MBsonating voltages across the main coil were obtained 
for most of the harmonics. The element of the oscillo¬ 
graph was connected direct to a small search coil which 
was placed sufficiently near to the end of the main 
inductance to give a reasonable deflection. Repro¬ 
ductions from the original tracings obtained with a 
Duddell low-frequency oscillograph are shown in Fig. 19. 

Two E.M.F. waves were analysed by the neon-lamp 
method described, namely tlie phase and line voltages 
of the three-phase Kolben alternator, as analysed by 
the standard method. The supply to the saturated 
transformer was the only load on the machine during 
the tests. 

, The analysis was not carried beyond the 17tli har¬ 
monic in either case, as sufficiently large resonating 
currents could not be obtained. This was due to the 
fact that at the time of the test the primary and 
secondary circuits of the saturated transformer had not 
been properly adjusted to give a sufficiently small arc 
of current in the latter circuit, with the result that the 
higher harmonics in the E.M.F, wave induced in the 
oscillatory circuit decreased far too rapidly. 

The results obtained are given in Table 4. The 
results obtained by the standard method of analysis 
are, for purposes of comparison, also included in this 
table. 

(i) Conclusions, —^From the results it is seen that the 
error is less than 0-5 per cent of the fundamental 
^cept in the case of the 17th harmonic, for which it 
is 0-64 per cent. The larger error for the higher 
harmonics can be attributed partly to imperfect 
quadrature adjustment and partly to the experimental 
OTor of reading, since for these harmonics the dynamo¬ 
meter deflections were cbmparatively small. Also, 
owing to inferior dielectric, the losses in the small 
tuning condenser were much larger than originally 
anticipated. From a previous discussion of this point 
in connection with the standard method it is probable 
that for the particular condensers used the increase in 
•^e efEective^ ratio r/L for the oscillatory circuit may 


easily have been as much as 60 per cent at the frequency 
of the 17th harmonic. 

As already pointed out, the first error can be elimi¬ 
nated altogether in the final method if we use that 
method of dynamometer reading in whichr-the phase of 
the primary current of the saturated transforpier is 
adjusted to give a maximum dynamometer deflection. 

The most important information derived from the 
test-results is the relation between the maximum error 
and the eflective rjL for the circuit. Thus a maximum 
error of 0*6 per cent of the fundamental was obtained 
for a ratio rjL of not less than 70 at a fundamental 
frequency of 46. From this we may deduce that to 
measure the harmonics in an E.M.F. wave correct to 
within 0*1 per cent of the fundamental, we I’equire an 
oscillatory circuit with an effective ratio rfL of 16. 

That method of obtaining the dynamometer reading 
in which the phase of the current is changed will be 
used as before mentioned, and the sensitivity of the 

Table 4. 


Analysis of Phase and Line Voltages of Three-phase 
Kolben Alternator at 46 Cycles per second. 


Order of 
harmonic 

Phase voltage, i)er cent 

Line voltage, per cent 

Dynamometer 
method 
(neon lamps) 

standard 

method 

Dynamometer 
method 
(neon lamps) 

standard 

method 

n 

1 

percent 

100-0 

per cent 

100-0 

percent 

100-0 

percent 

100-0 

3 

10-2 

10-0 

0-4 

0-63 

6 

6-1 

6-0 

6-1 

6-7 

7 

0-46 

0-24 

0-6 

0-2 

. 9 

7-3 

7-6 

0-6 

0-04 

11 

3-1 

2-7 

3-2 

— 

13 

6-3 

6-1 

6-6 

6-2 

16 

1-8 

— 

0-6 

— 

17 

0-9 

0-62 

1-2 

0^66 


d 3 mamometer will be increased so much that a telescope 
will no longer be required. 

The actual readings of the d 3 niamometer and the - 
voltmeter measuring the resonating voltage, and in 
fact the actual design of these instruments, will depend 
on the magnitudes of the resonating currents that it is 
possible to obtain for the various harmonics, and so 
mention will here be made of the chief factors limiting 
the resonating current. 

The relative magnitudes of the resonating^ ^jurrents 
that can be obtained for the varioutj, harmonics depend 
on the harmonics in the induced E.M.F. wave. This 
question has already been dealt with.^ 

The actual magnitude of any harmonic in the oscil¬ 
latory circuit with this tuned to a given harmonic 
will depend largely on the original E.M.F. in the neon- 
lamp circuit, modified by the back E.M.F. induced iii 
this circuit by the harmonic of current being con¬ 
sidered in the oscillatory circuit. The former depends 
on the peak voltage given by the secondary of the 
transformer, while the latter^dSpends on the magnitude 
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of the coupling between the neon-lamp and oscillatory 
circuits. 

For all harmonics other than that to which the 
oscillatory circuit is tuned, the current in the oscil¬ 
latory circuit is comparatively small, so that the back 
induced in the neon-lamp circuit is negligible 
compared with the corresponding harmonic in the 
E.MJ^. given by the saturated transformer. Thus 
the given harmonic of current in the neon-lamp circuit 
remains unaltered, and the current of the same 
harmonic in the oscillatory circuit is proportional to 
the coupling or mutual inductances Mi, 

In the case of the resonating harmonic, however, the 


simpler to ascertain it experim^rftally by varying the 
coupling and finding the corresponding values of the 
resonating voltage for given conditions in the neon-lamp 
circuit. 

Thus it was found tliat the coupling used in the 
tests described in this section by no means repre¬ 
sented the limit possible. The ultimate limits coul<i 
not be found, owing to lack of sufi&cient suitable 
inductance, but it was shoypi to be greater than 8 
times the inductance of the coupling used in the tests. 

With more power availalJle in the oscillatory circuit 
it should be possible to use less sensitive and there¬ 
fore more portable forms of instruments mthout 



Fig. 20.—^Diagram of circuit used in the tests. 

M.A. d.c. milliammeter. £.V. » electrostatio voltmeter. 


back E.M.F. becomes tlie predominating factor if 
Ml is too large; for then the neon-lamp current of 
the resonating harmonic is reduced, and so in the 
oscillatory circuit the resonating hannonic current is 
reduced relative to the other harmonics. This is 
equivalent to an increase in the effective ratio rjL for 
the oscillatory circuit, and this is to be avoided as 
far as possible. For this reason it will not be advisable 
to increase Mi to such a value that the back E.M.F. 
is appreciable, i.e. the coupling must not be increased 
beyond the point at which the resonating current is 
proportional to the value of M, 

It is interesting to note that tlie magnitude of the 
back E.M,F. induced in the neon-lamp circuit by the 
oscillatory current is not as great as might at first 
sight'‘be anticipated, for owing to tlie peculiar charac¬ 
teristic of the neon lamp this reaction is only effective 
over approximately that small part of the cycle during 
which dCitrrent flows in the lamp circuit. As a result 
of this it can be shown, by resolving this discon¬ 
tinuous reaction Into its various harmonics, that the 
back E.M.F. is ’^e same as with a coupling for which 

the inductance Mi = Mi - Ya — ^rhere the 

TT \ 4n / 

reaction is effective over the whole cycle. Thus for 
' a «= 6® and n ^ 3, Mi = 0*032 Mi ; while for 


n = 23, M\ ~ 0*146 Mi, Thus the reaction is less 
for the lower harmonics. 

Whilst it is possible to work ou^^ theoretically the 
value of Mi which mufet*not be exceeded, it is much 


greatly increasing the damping of the oscillatory 
circuit. 

7. The Final Method of Analysis, which is Essen¬ 
tially THE Neon-Lamp Method Made Portable 
BY THE Use of a Valve Amplifier. 

(a) Introduction ,—^The accuracy of the nepn-lamp 
method of analysis has already been shown to depend 
on tlie eflEective ratio rfL for the oscillatory circuit, 
and so this accuracy can be increased considerably by 
using a 3-electrode valve circuit which, as is well 
known, can be made to act as a negative resistance. 
At the same time, as the oscillatory circuit can be 
designed for a much larger rJL than was before possible 
for the required accuracy, the whole apparatus can be 
made portable. 

The discussion in this section of the paper will be 
chiefly limited to the establishing, theoretioally and 
practically, of the fact that the 3-electrode valve can 
be used for tlie desired purpose. 

While the apparatus used in the tests has been 
changed considerably from that of the previous methods, 
slight modifications in details have still to be made in 
order that it shall meet ordinary commercial require¬ 
ments, and so a minute description of the apparatus 
will not be attempted. 

(h) Th& valve circuit employed, and the theoretical 
effect of this circuit on the effective ratio rjL for the 
oscillatory circuit ,—^Tlie valve circuit used is shown in 
Fig. 20. This is perhaps the simplest of all tho 
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possible valve circuiti^ but it was also found to be 
tbe most suitable, both from theoretical considerations 
and as a result of practical familiarity with the various 
Jdternative circuits. Theoretically this is the best 
circuit, as it is the only one in which the effective 
resistance of the oscillatory circuit is independent of 
small ^changes in frequency. We require a circuit 
which gives an effective resistance independent of 
frequency, as otherwise #the circuit may become self- 
oscillatory for even a slight Jiuctuation in the supply 
frequency, and when thi? occurs the dynamometer 
reading can no longer be interpreted as before. 

Consideimg one harmonic only, in other words 
dealing with a sinusoidal current, we can obtain a 
mathematical expression for the effective resistance of 
oscillatory circuit to the nth harmonic to which 
it is tuned, in terms of the constants of the circuit 
and valve used. We can also find the effective impe- 
d^ce to the xth harmonic current and hence deter¬ 
mine the increase in the nth harmonic relative to the 
a;th harmonic, which gives the decrease in the effective 
ratio tJL for the oscillatoiy circuit. 

If the valve is worked on the middle portion only of 
life characteristic, and the variations in grid and anode 
voltage are limited so that only the straight portion 
IS worked on, then 




= constant = flr; and = constant = a; 


where = current entering valve at anode, 

Va = voltage of anode above filament, 

Vg = voltage of grid above filament. 

notation it is shown in Appendix 6 that 
the effe^ve resistance oi the osciUatory circuit is 
reduced from r to [r - (g-M - aL)/0] by the use of the 
^ve whOTe Jkf = mutual inductance between grid 
coil and choke coil. This is of course the only imne- 
dance to the nth harmonic current. ^ 

The approximate impedance to the »th harmonic is 

shown to be y—±aiA this impedance being 


r—{gM- aL)JO 


and so is 
' A, the 


unchanged by the action of the valve. 

Thus ii? = ^ ^ ~ oiL 

-S* on 

increased by the ratio__ 

^ ~ igM — aL]/0 ' — 

amplification factor, and is the same as for a circuit 

wito no valve amplification but with an effective 
resistance r - (gM - aL)/0. enective 

(c) Details of apparatus used.—Th& full of 

^nec^ns fm the whole apparatus used iiX ^2 

£t‘b!. ^ apparatus will 

as it has still to be 

fro^to« “ respects. The chief difference 

from the previous method is in the oscillatory circuit 

Tht ® measuring the resonating current 

The saturated transformer and supply to toe aeon 

lamps was essentially unchanged. 

•The inductance in the oscillatory circuit was divided 


between two equal coils, one of these being used as 
toe fixed coU of the dynamometer while toe other 
was used for coupUng purposes with the neon-lamp 
circmt. Each coil was designed to have an rJL of 
60, and was wound with an average of abmit 150 turns 
per layer of single-strand enamel-insulated wire, toe 
exact number of turns per layer being adjusted to 
pve an even distribution of current at all frequencies 
between toe layers when these were connected in 
p^allel. The considerations affecting toe design of 
to^ coils w^e exactly as for toe case of the original 
coil used, which case has already been fully dealt with 
m Section 6(c) of this paper. The design details of one of 
toe coils used in toe present method are given in 
Appendix 3. The linear dimensions of tlie coils were 
ratoer less than half those of the original coil used. 

Each coil was divided permanently into four equal 
sections, each consisting of 10 layers connected in 
parcel. By means of plug connections these sections 
could be connect^ as desired, in series, series-parallel, 
or parallel, giving inductances of 0-0983, 0*0239* 

0 • 0008 henry respectively. 

The primary of toe coupling with the neon-lamp 
circmt consisted of 14 layers wound on the outside of 
X inductance coils, each layer consisting 

of 146 turns of enamelled wire with an approximate 
inductMce of 0*006 henry. Connections from the 

out to valve-holders, 
so that toe neon-lamp current could be sent through 

number of layers by plugging into two 
suitable valve-leg sockets. 

The main condenser was of 10 jaE in steps of 2 uF 
wtoch enabl^ toe circuit to be tuned if desired to toe 
3rd haimomc of any a.c. supply wito a frequency 
greater than 36. Together wito a l/rF condraiser toe 
tuning was done on a Tinsley variable condenser giving 
a ^ge from 0*01 to 1 /rF on a single-dial switch. 

To keep toe damping factor of toe oscillatory circuit 
as low as possible, that main inductance not used as a 
coupling with the neon-lamp circuit .was used as the 
fixed cod oi toe dynamometer by suspending toe pres- 

9 ^®«^?*T*^ it: necessary sensitivity 

and stabihty the suspension ligaments passed through 

the coil to an outside support, 
^e deflection was found by toe use of a reflecting ' 
system wito a scale 1 m from toe moving coil. The 
consisted of 460 turns and had a resistance 
of 140 oh^ an mductance of 0*0161 hemy, and a 
time period of approximately 2 seconds. 

The grid coupling was a coil which could be rotated 
end of toe dynamometer main mductance so 
that rte mutual mductance with toe osciIlatoif*'circmt 
Mifld be vmed. As no current is taken by toe grid 
if toe anode voltage is sufficiently high, the field* of 
toe dyn^ometer will not be affectede It is advisable 

dynamometer inductance 
S? neon-lamp inductance, as in toe 

nndesired harmonics 

resoriating current itself, owing to toe' * 

effect of toe neon-lamp current. In particular, the 
neon-lamp current is not inappre¬ 
ciable and so its ^plification should be avoided. ^The 
gnd coupling coil had a me£fii*(liameter'of 6 in., con- 
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sisted of about 5 000 turns of fine wire, and had an 
inductance of about 1 henry. For an amplification of 
4 with the 3rd harmonic of a 50-cycle supply, the angle 
between the axes of the coils had to be about 16®, 
while for th*% same amplification of the 21st harmonic 
it ha4 to be increased to about 80° owing to the 
reduced mutual inductance required. 

Fojf most of the tests carried out with this method 
the resonating voltages across the fixed coil of the 
dynamometer were obtained by the use of the same 
electrostatic voltmeter and potential divider as were 
employed in all the previous methods. As an electro¬ 
static voltmeter could not form part of the final 
apparatus it was replaced in several of the tests by a 
Moullin thermionic-valve voltmeter ♦ which was found 
to be quite satisfactory for the purpose. The form 



Fig. 21.—Grid voltage/anode current characteristics of the 
Marconi LS2 ” valve used in the tests. 


of this voltmeter found most suitable was that in 
which 4he a.c. voltage to be measured, and wliich is 
.applied to the grid, is rectified by means of the grid 
potential anode-current characteristic, and measured by 
a d.c. milliameter in the anode circuit. No high-tension 
battery xs required for the anode, which is connected 
through the ammeter to the positive end of the fila¬ 
ment. This voltmeter has of course to be calibrated 
for the particular Valve used, which in this case was a 
Marconi R type valve. This type of voltmeter is 
not independent of the wave-form, but as the voltage 
^ross the swinging circuit is very nearly sinusoidal 
no appreciable error is introduced. Experiments were 
made to compare the readings when an electrostatic 
voltmeter was used and when the Moullin voltmeter 


♦ E. B. Mouixin:,**A 
Applications,” Journal I.E.E. 


IHre(!0»<Mdiag 'Theiinjoi^o Voltmeter, and its 
., 1923, vol. 61, p. 296. 


was used, the wave-form of the,\bltage in the moving 
coil being widely different, and no difference was 
detected. 

Several types of valves were used for amplifying the 
oscillatory current, but of those tried the Marconi 

LS2 valve was found to be the most suitable. 
This valve was worked with 6*2 volts on the filjftnent,. 
while for the anode circuit the ordinary d.c. supply at 
220 volts was used, although •a higher voltage would 
have given better results had it been available. 

The characteristics of th^ valve used are shown in 
Fig. 21 for anode voltages of 100, 200 and 400 
respectively. 

{d) Experimental methods .—^Before an actual analysis 
could be carried out, the transformer and neon-lamp 
circuits had first to be adjusted so that the desired 
wave-form of E.M.F. was induced in the oscillatory 
circuit. This was done as a preliminary test by pass¬ 
ing the neon-lamp current through an oscillograph and 
adjusting the circuit conditions until the duration of 
neon-lamp current in each half-cycle had the appro- 
I priate value. The suitability of the E.M.F. wave 
I obtained for given circuit conditions could also have 
been judged by calculating harmonics in this E.M.Ft 
wave from the magnitudes of the various resonating 
voltages. 

In the final commercial form of the apparatus there 
will be no need for a preliminary test of this descrip¬ 
tion, as tire transformer and neon-lamp circuits will 
be so designed that the desired conditions can be 
obtained by an adjustment of the primary current. 

For the apparatus used, tiie current taken from the 
a.c. supply was about 10 amperes, although this figure 
could be greatly reduced by a suitable design of the 
saturated transformer. 

Initially there was no rheostat resistance in the 
supply circuit, the impedance being almost entirely 
choke-coil reactance. 

The neon-lamp current was passed through the 
desired numbers of layers of the coupling with the 
oscillatory circuit by plugging into valve-leg sockets 
as already explained. As it was desirable, for reasons 
already given in Section 6(i), to know whether the 
maximum mutual inductance obtainable between the 
neon-lamp and oscillatory' circuits caused too great a 
reaction between these circuits, a special test was 
performed. The number of layers of the primary of 
this coupling through which the neon-lamp current 
was passed was varied, and the corresponding reso¬ 
nating current found, with tlie circuit tuned to a given 
harmonic. The resonating current was found to be 
propoiidonal to the number of layers of the coil through 
which the neon-lamp current was passed, that is, to 
the mutual inductance with the oscillatory circuit up 
to the maximum mutual inductance obtained with all 
14 primary layers in series. The result showed that it 
was not necessary to limit the coupling to prevent 
excessive, reaction between the circuits. However, in 
the analysis tests afterwards carried out it was found ' 
advisable to pass the neon-lamp current through only 
two layers of the primary of this coupling, since when 
a larger coupling was employed the unamplified oscil¬ 
lating current obtained was too large t^ allow the»* 
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•desired emplificstioif be obtained by the valve as 
then used. 

For the complete analysis of a wave-form, the 
harmonics are most conveniently worked through in 
order, starting with the 3rd, for which the approximate 
capacity required can be calculated. The phase of 
.the ctorent in the supply to the transformer is changed 
until a maximum reading of the dynamometer is 
obtained, the oscillatory circuit having been tuned to 
the desired harmonic. This phase change is effected 
by inserting resistance i£ the supply circuit to the 
transformer and at the same time reducing the 
reactance of the choke coil to maintain the current 
constant. In the final apparatus, in order to avoid 
complication, these adjustments can no doubt be 
made together by some suitable device, such as a 
sm^l phase-changing transformer. Owing to the arnnii 
variation in phase required foi the higli..r har . 
monics.it is only necessary to vary the resistance 
above about the 9th harmonic. Readings are taken of 
the maximum dynamometer deflection <4. the corre¬ 
sponding resonating voltage %, and the voltage e' 
of the a,c. supply. The neon-lamp coupling is then dis¬ 
connected, the valve filament lighted, and the grid coupling 

adjusted so that the circuit is almost—^but not quite_ 

oscillating. The neon-lamp coupling is then remade 
Me oscillatory circuit again tuned up (tlie tuning now 
being much sharper), the phase of the current readjusted 
if necessary and a further set of readings taken of all 
three instruments. In the tests made, an amplifica¬ 
tion of 4 times was obtained without difficulty for all 
the harmonics, although it could not be greatly 
ex;peeded with the valve used. 

\ are the respective instrument 

readings with the amplified current, the readings of 
both voltmeters being given as R.M.S. values, then 


d'^ 


current 

of wth harmonic in the pressure coil, 
and k is the d.c. calibration constant of 
the dynamometer. 


e V 

d" =: 1 : 4 - . —IL. 

ncoL^ 

~v'I 

^ ncoLi n V 


% 


^icoLi 




« — y' 

n n 


= e^nwCj, (approx.), where 6„ is the harmonic 
being found in the E.M.F. wave, and 
Op = the capacity in series with the 
pressure coil, 


* * % 777 * - n - 

^ n . n 


tr —. t;' 

n 


where K 


Li 

= r—— ai 


hO, 


and so 




depends on the range of inductance used, and on 
the capacity of the condenser used in series with the 
pressure coil. 

In general the a.c. supply voltage will not change 
between the two sets of readings, in which ft^ase — 1. 

Since when using a series condenser in the pyessure- 
coil circuit the final result, is independent of fre¬ 
quency, a change in frequency between the two sets of 
readings will not affect the accuracy of the result. 
Thus it is not necessary to know tlie frequency in 
order to calculate the magnitude of a harmonic, and 
so a frequency meter is not essential. 

The dynamometer sensitivity was such that, in 
general, reasonably large deflections could be obtained 
for a series capacity of only 0-2 or 0*1/^F. In any 
case it was desirable to use the 0*1 juF condenser for 
the high^ harmonics in order to reduce the error due 
to the impedance of the pressure-coil circuit being 
tal^n as that is, pf course, if this error, which 

IS dealt with in Section 7(e) (vi) of the paper, is com¬ 
parable with the error of reading. 

One of the advantages of taking two sets of readings 
and using their difference is that any zero error which 
there may be is thereby eliminated. 

It is desirable that the valve used for amplifying 
shaU not be worked too far beyond the straight portion 
of its characteristic. A range of grid voltage corre¬ 
sponding to about 0*8 of the anode saturation current 
IS shown in Section 7(5) (ii) of the paper not rto be 
excessive. This may be ensured either by calculating 
the limiting resonating voltage in terms of the limiting 
pid voltage and the constants of the valve and oscil- 
latory circuit, or by keeping the resonating voltage less 
man about 80 per cent of the value when the circuit 
IS just oscillating and at the same time working tlie 
valve at the middle part of its characteristic, or by 
workmg valve raither below its mid-point and 
including in ^e anode circuit a d.c. milliameter, whose 
inmcation will begin to increase when the range of 
gnd voltage passes beyond the straight portion of the 
characteristic. 

thought that a considerable increase 
could be effected in the oscillatory current by using 
me synchronizing property of coupled valve genera- 
tors, smce by this property the osciUations in a self- 
oscillatory circuit can be kept exactly '' in step with 
^ “iduced E,M.F. whose frequency does not differ 
trom the natural frequency of the oscillatory* circuit 
by an amount greater than that given by 

^ ^2 Aq rf* 

where eo = E.M.F. impressed from outside, 
and Ao = natural amplitude of voltage across oscil¬ 
latory circuit. . 

This property cannot.be made use of, however. 

EMF^f?® to p -H 8p for the impressed 

E.M F. there is a change in phase of the current in the 

E impressed ’ 

tionc in ^ “y slight fl^otua- 

uons m the supply frequency would cause such 

IflSsfvoL il?****””'' Ike Cambriigf PhihsophiaU SoetOy, 
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excessive vaiiatious in the dynamometer reading that 
this would be valueless. 

The error due to the mutual-inductance effect 
between the fixed and moving coils of the djmamometer 
was found to be so small that it was not worth cor- 
rectingufor, as the increase in the deflection due to this 
cause was less than the error of the reading. 

The» positions of the iron-cored choke* coil in the 
transformer supply and the neon-lamp coupling, relative 
to the dynamometer coil, were adjusted for the tests 
made so that the influence on the deflection of the 
latter due to stray fields was negligible. 

The theory, which forecasted that only the resonating 
harmonic of the oscillatory current would be amplified, 
was justified by the test-results obtained, which showed 
that when tlie harmonic in the wave being analysed 
was negligible there was no sensible change in the 
dynamometer deflection, although this deflection itself 
might be quite appreciable if the neighbouring har¬ 
monics were large. Also the same value for the 
harmonic was obtained for widely different couplings 
and resonating voltages. 

{e) A theoretical consideration of the various sources 
of error, 

(i) Error in dynamometer reading due to the analysing 
current not being sinusoidal ,—^By tflkin g two sets of 
readings for each harmonic, one before and one after 
amplification, and calculating the magnitude of the 
harmonic from the differences of tliese readings, the 
dynamometer error is reduced as shown in Appendix 7 
to %rl{Ao>L) of the value it wpuld have were the har¬ 
monic calculated from the single set of readings obtained 
with the amplified current. 

Actually the maximum error is smaller than 
[r2/(40Aa>JS)]^jf^, where is the maximum value of the 
error in the original single-reading method for an rjL 
of 15, Thus taldng rjL =: 100, and A = 4 , tests 
having shown the latter to be a reasonable figure, 

max. error < 0-2 

For most waves likely to be anal 3 rsed, the maximum 
possible error must therefore be less than 0*1 per 
cent of the fundamental, which means that the average 
error likely to be obtained in practice will not exceed 
'about 0*025 per cent of the fundamental, and so in 
general will be negligible compared with the errors of 
reading. 

For ,the actual oscillatory circuit used in the tests 
made with this apparatus, the ratio rfL was consider¬ 
ably increased for the higher harmonics owing to large 
losses in the main condenser due to inferior dielectric. 

For fi&nonics below the 7th the ratio rjL was 
probably not greater than 100 , and so the maximum 
error would not have exceeded the figure given above. 
It was estimated •that at the frequency of the 23rd 
harmonic the ratio rJL might have been as large as 
300, which might have led to an average error of about 
0*15 per cent of the fundamental. This source of 
trouble will be removed by a careful design of the 
condensers used. 

(ii) Error due to interfering harmonics in the analysing 
current produced by the valve when the^ latter is worked 
beyond 4he sVra/tght porUor^of its characteristic ,—If the 


valve is worked beyond the st»mght portion of its* 
characteristic, a sinusoidal voltage applied to the grid 
will result in an anode current with the tops of its wave 
flattened, and so this current, and therefore the current 
in the oscillatory circuit, will contain harmonics of an 
order other than n. 

It is shown in Appendix 8 that if the ranfe of-- 
variation of the anode current is limited to about 
80 per cent of the saturation cftrrent, and the valve is 
worked from the mid-point ^of its characteristic, then 
the only appreciable interfering harmonic induced in 
the oscillatory circuit will be one of order 3 n. Further, 
it is shown that due to this cause 


increase in -^ < 


Z^ncoLg 


where Vg =: max. value of grid voltage measured from 
mid-point of characteristic, 
and g and h are coefficients determined by the equation 
gvg -f- -|- av^ -|- 

which gives a good approximation to tlie charac¬ 
teristic for a restricted variation of grid voltage, i^, 
Vg and Vfl being measured from the mid-point of the' 
characteristic. 

It is clear from Appendix 6 that tliis harmonic will 
not be amplified further by the action of the valve, and 
is therefore the only harmonic that need be considered 
for the error in this case. 

For the valve used, namely a Marconi “ LS2 
valve, hjg was of the order of 6 x lO'"® if the valve 
was worked at the mid-point of its characteristic. 

In the tests carried out with this method the valve 
was worked considerably below the mid-point of its 
characteristic, as a d.c. supply of only 220 volts was 
available for use in the anode circuit. Due to this the 
interfering harmonic was not greater than the value 
calculated using the ratio hfg as given by the lower 
portion of tlie characteristic. This value of hfg was 
2 X 10*"^, while the corresponding value of Vg was 
30 volts. 

The addition to the error as a fraction of the funda¬ 
mental owing to the presence in the oscillatory circuit 
of this extra 3nth harmonic is 


Ian 




cos 6 




(from the general series for the dynamometer error) 
, I®*! 

’ 4 * 


fan 

h 


Tins additional error will be greatest when determining 
the 3rd harmonic, in which case it will be < 0* OOO 6 I 9 /I 1 
for 0 ) = 314 and rjL = 100 , and since in general we have 



the addition to the error will be less than 0*01 per 
cent of the fundamental under these conditions. This 
is • negligible compared with errors of reading and 
calibration. 

(iii) Error due to the voltmeter across the main 
inductance recording the E.M^S, value of the mixed 
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^ wave and not the vShie of the f^esonating haymonic only, 
as assumed, —^This is perhaps the chief source of error 
in this method, owing to the large ratio rfL which is 
not decreased by amplification for the first set of 
readings taken for each harmonic. 

This error is shown in Appendix 9 to be given by 


8/„ 


In 2A. \tictiL) f I ^ 


8i,^ . . 

Where — = ratio of error to the actual value of the 
nth harmonic. 

The infinite series in the above expression is shown 
to be convergent for such values of as would 

be given by the neon-lamp circuit. 

This error is greatest for the 3rd harmonic. For 
the lower harmonics it is approximately proportional 
to l/n^ but in all cases it is less than the figure 
obtained by assuming it to be proportional to l/n^. 

Thus for an actual rjL of 100 and an amplification 
factor of 4, the error will be approximately 10 per 
Uent of the harmonic itself for the 3rd harmonic, 2 per 
cent for the 6th harmonic, 0*5 per cent for the 7th 
harmonic, and so on. The error will therefore be 
negligible except in the case of the 3rd and 6th har¬ 
monics, but it should be possible to apply a correction 
in these cases so that the resulting error is not greater 
than 1 per cent. 

For the oscillatory circuit used, rJL was found to 
have the approximate values 67, 83 and 96 respectively 
for the 3rd, 6th and 7th harmonics of a 60-cycle 
supply. Thus the error for the practical results 
obtained would be of the order of 4*5 per cent, 1*4 per 
cent and 0-40 per cent respectively for the 3rd, 6th 
and 7th harmonics. 

If the oscillatory current is measured by means of 
an ammeter, the error for the lower harmonics is con¬ 
siderably reduced, being now 

± na! 

In xncaLJ ^ — ffi) 

from which, for rIL = 100 and A = 4, the error would 
be 1-3 per cent, 0-8 per cent and 0-4 per cent for the 
3rd. 6th and 7th harmonics respectively, and less for 
all higher 'harmonics. Thus if an ammeter were used 
to rneasure the oscillatory current, and r/L for the 
curcuit did not exceed 100, this error would be 
negligible for all harmonics. . 

(iv) Error due to the reading of the voltmeter across 
the a.c. supply being taken as due to the fundamental 
Smce the voltmeter across the supply being 
^alysed records the R.M.S. value of the fundamental, 
together with all the harmonics present, a small mror 
may be made by taking this reading as the value of 
the fundamental alone. 

^is error, which affects all harmonics in the same 
ratio, wo^d be only - 1-6 per cent of the harmonic 
tor the Kolben phase voltage as analysed, and, since 
m general it would be even less than this, it need not 
corrected^for. 




- (rl + n W _ (approx.) 


In exceptional cases in which all the harmonics are 
not small compared with the fundamental, the volt¬ 
meter reading can be corrected from the values of the 
harmonics found to give a close approximation to the 
true value of the fundamental alone. « 

(v) Eyyof due to the impedance of the pyessut&f' coil in 
series with a condenser being taken as l/(wcuC'p). 

A«uaUy + (™,I, _ 

where 

% = R.M.S. values of nth harmonics in a.c. voltage 
and pressure-coil current respectively, 
and-Dp = resistance and inductance of pressure coil, 
and Op = capacity in series with pressure coil, 

•" §)} 

- - §)} 

(approx.) 

Thcarefore error made in determination of by taking 
= i,Jn(t)Op is given by 

error 

This error increases with the order of the harmonic 
being found. For the pressure coil used, = 140 
and Lp = 0'0161 henry, and so, on substituting these 
values in the above expression, the error for the 23rd 
harmonic is given as 7-6 per cent of the harmonic 
Itself for a series capacity of 0-1 nF. This error can 
be reduced by a suitable design of the pressure coU. 
Thus it can be reduced to one-half of the above value 
for the same sensitivity, by rewinding with half the 
number of turns of wire of double the cross-section. 

(vi) Error due to the mutieal-indstctance effect between the 
fixed and moving coils of the dynamometer. —Thia error 
was shown to be neghgible for the given dynamCmeter. 
exactly as in the case of the dynamometer used in the 
method dealt with in Section 6 (g)(iii), 

(vii) Error due to the grid current affecting the dynamo¬ 
meter reading.—-li the valve cannot be worked so that 
tte grid potential is always negative, a current will flow- 
m the grid coupling coil during part of each cycle and 
^1 alter the flux in the fixed coil of the dynamometer 
if tWs coil is used for coupling purposes with the^d. 

Since the grid current will not flow during the whole 
cycle, the value of the nth harmonic in this current will 
be less than «/? of the nth harmonic in the anode current; 
where « = max. value of DySv,, in which'f. = grid 
current, and g = 'i)ij't>v„. 

Now ratio of anode current to oscillatory current 

= ratio of total admittance oi two paths of oscillatory 
circuit to that of inductive path 
_ IKr+jruoL) -fynmO 
l/(r -|- jnccL) 
r 


(approx.) 

It can also b^ shown that -fee ratio of flux densities 
produced at the centre of rife fixed coil'of the dynsuno- 
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meter by the grid coupling coil and the fixed coil itself, 
respectively, is considerably less than 

1 ampere-turns of coupling coil 
10^ ampere-turns of fixed coil 


The oscillatory current and therefore the resonating 
voltage vary as cos since impedance = r/cos ^ 
and r is fixed 

d 3 mamometer reading varies as cos^ 


for coils of tlie same relative dimensions as those used. 

Thus the ratio of tlie flux density produced by the grid 
coupling to that due to the fixed coil is less than 

ur X 5 000 
gmx>L X 10 X 640 


In general ,ujg will be less than0*2; and so for n == 3, 
for which case it is greatest, the ratio of the two flux 
densities will be less than 1/30 for an rjL of 200 for the 
oscillatory circuit. 

Since these flux densities differ in phase by approxi- 
mat^y 90® the maximum value of the flux density in the 
fixed coil will only be increased by about 0*06 per cent, 
and so the error made in the maximum reading of the 
dynamometer due to tliis cause will in all cases be 
negligible. 

(/) Summary of errors ,—^From the above discussion of 
the various sources of error it is seen that the only two 
important errors are due to the reading of the voltmeter 
across the coil being affected by the interfering harmonics, 
and to the impedance of the pressure coil differing from 
the reactance of the series condenser. The former error 
is only appreciable for the 3rd and 6th harmonics, while 
the laflher only affects the highest harmonics. The 
former can be reduced by taking both sets of readings 
with the amplified oscillatory current for both 3rd and 
5th harmonics, the amplification factor for the second 
set being about 26 per cent greater than for the first. 
By this means the error for the 3rd harmonic can easily 
be reduced to about 1 • 6 per cent of that harmonic. As 
already pointed out, the latter error can also be consider¬ 
ably reduced by redesigning the pressure-coil circuit. 
With these modifications the total theoretical error 
^ should EPot in any case exceed about 2 per cent of the 
harmonic being found, for an oscillatory circuit with a 
total ratio rjL of about 160. 

The amplification that can be* used with this method 
may have to be limited for the higher harmonics, if the 
v^axiation in frequency of the supply being analyised is too 
great, owing to the corresponding variations that will 
occur in the magnitude and phase of the oscillatory 
current relative to tlie induced E.M.F. 

The change in the dynamometer and voltmeter 
readings for a sudden change in frequency may be 
obtained as follows. Let tlie oscillatory circuit be 
tuned to 4ke nth harmonic of the supply at its* initial 
frequency ct)/(27r), and let <j} « change in phase of nth 
harmonic current relative to nth harmonic induced 
E.M.F, caused by,,a change in frequency given by 
Sco/o). Then 



— arc tan 
» arc tan 
» arc tan 


0 

c 


n{ci} + io})L — l/{»(<o -f* 


8to)C?} J 


■n^aALO{l + (28a)/a>) + (8a>/a))2} - 1 


finoiL 8w 


to 


m(co -[- 8a))0 J 

•^•(approx., sincd^i^2j|^(7 = 1) 


Therefore, if <f> is small, 

change in dynamometer reading . „ , 

- - - 7 ---» sm- 6 

max. dynamometer reading • ^ 

♦ /2nojL Sn)\2 

and 

change in voltmeter reading 1 f2ita)L 8a)\2 

- --—. -1 ■ . . — ) approx. 

max. voltmeter reading 2\ r co J 


Thus the likelihood of frequency variations affecting 
the readings will be greatest for the higher harmonics. 

If actual rjL s= 200 for 7% = 23, then a sudden change 
in frequency of 0*2 per cent for this harmonic will cause 
a change in phase ^ =« arc tan 0*145 which will cause 
decreases of approximately 2 * 0 per cent and 1 • 0 per cent 
in the readings of the dynamometer and voltmeter 
respectively. However, for an amplification factor of* 
8, which would mean an effective of 26, the same 
change of frequency would cause reductions of approxi¬ 
mately 60 per cent and 36 per cent in the readings of 
the two instruments. 

If this change of reading is a measure of the error, 
the latter can obviously be reduced by using a decreased 
amplification for the higher harmonics. The neon- 
lamp coupling could be increased to give a corre¬ 
spondingly larger reading for tlie unamplified current so 
that the error of reading is not increased. Thus, with 
an amplification factor of 2 for the 23rd harmonic the 
decrease in the d 3 aiamometer and voltmeter readings 
would be 7*8 per cent and 6*0 per cent respectively, 
for a change in frequency of 0 • 2 per cent. By using an 
amplification factor of only 2 an increase will be caused 
in some of the possible errors that have been dealt with, 
but it is not anticipated that the total error due to 
causes other than this fluctuation in frequency will 
exceed about 0*07 per cent of the fundamental. 

It is difficult to predict tlieoretically the possible 
error that will arise from a .fluctuation in supply fre¬ 
quency, since the latter will not in general be entirely 
periodic. Also the error will depend on the rate of change 
of frequency as well as on the limits of its variation. 
The only fluctuations that will be expected to cause an 
appreciable error will be those whose frequencies are of 
the same order as the natural frequency of the moving 
system of the dynamometer. 

The effect of a comparatively high-frequency fluctua¬ 
tion which will naturally be small, will be to cause the 
dynamometer and voltmeter to give mean readings less 
than the true readings. Thus for a high-frequency 
variation in frequency, of amplitude 0*1 per cent, giving 
a total variation of 0*2 per cent, the maximum readings 
of the d 3 mamometer and voltmeter that can be obtained 
will be less than the true maxima by 3*9 per cent and 
2*6 per cent respectively for an amplification factor of 
4, for the 23rd harmonic. 

The fluctuations in speed of low-speed gas- or steam- ^ 
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engiae-driven alteili^tors will be of this type, since the 
unbalanced torque causing the disturbance will have a 
frequency at least that of rotation of the crank shaft; 
this will not in general be less than about 6 per second. 

For all very low-frequency variations and slow changes 
in frequency it will usually be possible to tune the 
oscMlatory circuit so that the resonating current passes 
through its maximum value. Provided the change is 
not too rapid, the majjdmum values of the dynamometer 
and voltmeter readings will be the true values required. 

For the tests performed it was not found necessary 
to reduce the amplification much for the higher har¬ 
monics, although some of the machines analysed were 
known to have very unsteady speeds. The limits of 
speed variation within which this method of analysis 
can be successfully employed were not found, but, as 
already pointed out, where the frequency fluctuation 
is large the effect of this fluctuation, which is greatest 
for the higher harmonics, can be considerably reduced 
by using less amplification. 

(g) Test-results, —^The effect of the valve in reducing 
the effective resistance of the oscillatory circuit is 
clearly shown in the oscillograms (Fig, 22) of the 
resonating voltage before and after amplification. 
These were obtained as before by connecting the element 
of the oscillograph direct to a small search coil, which was 
then brought near to the main inductance. These 
oscillograms show that the amplitude of the current 


the fixed coil of the dynamometer before and after 
amplification respectively, while d' and are the corre¬ 
sponding maximum dynamometer deflections. 


Table 6. ^ 

Analysis of Line Voltage of Three-phase Kolben Adternator 
at 34*6 cycles per second^ 170 volts. 


Order of 

Hesonating voltage 

Dynamometer deflection 

Eatio of 

harmonic 

n 

If 

if* 

d* 

d** 

fundamental 


volts 

volts 

cm 

cm 

percent 

3 

3-6 

10-0 

0-96 

0*8 

0*11 

6 

2-86 

14-3 

2-6 

16-0 

6*46 

7 

6*3 

21-6 

1-4 

2-6 

0-35 

9 

2*6 

16*4 

0-6 

0*4 

0*08 

H 

9*4 

26*0 

- 0-6 

1-4 

0*67 

13 

4*1 

12-6 

4*96 

16*46 

6*35 

16 

2-5 

16*0 

0-0 

0*4 

0*16 

17 

2-6 

18-2 

1-4 

4*3 

0*22 

19 

2-6 

17-6 

0-4 

6*4 

0*61 

21 

2-4 

18-0 

-0*2 

0*37 

0*43 

23 

6-4 

22-0 

2*96 

10*4 

2*40 


The figures obtained for the analysis cannot be com¬ 
pared with the previous figures obtained for the same 



(^lesonatmg voltage 
9 - laiBionic, wiBioat valve 



(W Sesoriatmg voltage 
9 “ham.caiic, with-Vdive 



Kesouating voltage 
13. harmonic, "witimat valve 



( rf^sonating voltage 
la^hannraiic, vdth. valve 


FJg. 22. —Oscillograms showing effect of amplification on'the wave-form of the resonating voltage. 


is increased and that the damping factor as measured 
by the coefScient of decay of the oscillatibns is consider¬ 
ably reduced, the current being represented in each half¬ 
cycle by an equation of the form 

where n' differs very little from the order of the harmonic 
to which the circuit is tuned. 

The results of an analysis obtained by this method of 
the line voltage of the three-phase Kolben alternator 
are given in Table 6. 

In the following table v' and axe the voltages across 

’ If 


wave-form, as the machine was running un<M’ different 
conditions of excitation on the tjvo occasions. How¬ 
ever, although the absolute accuracy of the method was 
not verified, the above results show tliat harmonics 
known to be very small are in every case indicated as 
almost negligible, as in the case of the 3rd, 9th and 16th 
harmonics in the above wave-form. The results show 
Idiat for ihese small harmonics the dynamometer reading 
is not increased appreciably when the analysing current 
is ampMed, which indicates that in general no appreciable 
error is cause^ by tiie dynamometer reading being 
affected by the change inrmfhgnitude-and phase of the 
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interfering harmonics in the analysing current due to 
the action of the valve, by the extra interfering harmonics 
induced in the oscillatory circuit by the valve, or by the 
current taken by the grid coupling of the valve. This 
is, of course, «,in accordance with tlie results of the 
theoretiqal investigation of these errors dealt with in 
Section 6. The average amplification of about 4 in 
the abo^ve results was obtained without difficulty. 

In addition to the above test a special sine wave ” 
alternator was anal^^ed. All the harmonics in the 
E.M.F. wave of this machine except the 3rd, 6th and 
7th were found to be negligible, tliese latter being of 
the order of 0* 6 per cent. 

A test was also carried out on a 20-kW d.c. generator 
which had been converted into a two-phase alternator 
for iron-testing purposes. This was found to have a 
4 per cent 3rd and a 0-9 per cent 6th harmonic, while 
all the other harmonics were less than 0* 05 per cent. 

8. The Possibility of Obtaining the Analysing 
Current from a Valve Generator without the 
Neon-Lamp Coupling. 

[a) General consideration .—If the frequency of the 
w’ave-form to be analysed were absolutely constant it 


of change of frequency did not exceed about 0*02 per , 
cent per second. 

In the neon-lamp method about 10 times this fluctua¬ 
tion can be allowed, and so it is seen that the applica¬ 
tion of the self-oscillatory method is limited in 
comparison with that of the neon-lamp method, which 
may be used in all cases except where tlie frequuncy 
is very unsteady. It will, however, be shown that in 
those cases in which the self-oscjjlatory method can be 
used it is much simpler and probably gives rather more 
accurate results than the neon^amp method. 

The chief considerations with regard to this method, 
as affecting the design of the circuits and possible errors, 
will now be briefly dealt with. 

(6) The circuit used and method of analysis .—^The 
valve circuit used in the last method can be employed, 
the connections being shown in Fig. 23, with the exception 
that the neon-lamp supply circuit is entirely dispensed 
with. The dynamometer can be essentially as before 
with a capacity in series with the pressure coil, while the 
resonating current can also be found as before from the 
voltage across the fixed coil of the d 3 niamometer. 
Alternatively, the dynamometer and voltmeter may be 
replaced by a separate portable dynamometCT and an • 



M.A. « d.e, milliamxneter. 


E.V. » electrostatic voltmeter. 


would be a simple matter to obtain the required analysing 
sinusoidal current from a valve generator, as the frequency 
of the latter can be adjusted to any desired value. With 
this me^od the oscillatory circuit would be so tuned that 
a beat period of several seconds was obtained with the 
harmonic being found, and thus with a suitably designed 
moving coil the maximum deflection of tins would 
correspond to the instant when the two currents of the 
frequency of the desired harmonic are in phase, in which 
case the magnitude of the harmonic could be calculated 
from this deflectioiuas before. 

The time period of the beat must be at least three or 
four times the natural period of vibration of the moving 
coil, and so in carrying out the analj^is of a 60-cycle 
wave to the 23rd harmonic this method would be limited 
to waves in which the maximum fluctuation in frequency 
did not exceed about 0*02 per cent of the fundamental 
frequency, or if the change in frequenc}^ were compara¬ 
tively slow it might be linflted. to cases in which the rate 


ammeter, if this can be done without increasing too much 
the ratio r/L for the circuit. If an ammeter is used to 
measure the resonating current it will be advisable to 
replace the capacity in series with the pressure coil by 
a non-inductive resistance, so that the calculation of 
the harmonics does not involve an exact knowledge of 
the frequency. 

The very fine tuning essential for this method can be 
obtained by uSng a capacity variable in steps of 0* 01 /xF, 
and covering the intermediate range by means of a small 
variometer in sesries with the oscillatory, circuit. THs 
variometer must have a ratio of rJL comparable with 
that of the r paiu inductance. An alternative method 
is to place a small piece of iron in the vicinity of the 
mfiin inductance and alter the inductance by varying 
its position. This worlcs quite well in practice. 

To make a complete anal 3 rsis of a wave-form, the 
capacity is set at approximately the amount required 
for the 3rd harmonic, and the circuit is then tuned until 
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a beat period of aMeast 4 or 5 seconds is obtained with 
this harmonic. The maximum reading of the dynamo¬ 
meter is taken, and also the coiTesponding readings of 
the voltmeter across the fixed coil of the dynamometer 
and voltmeter measuring the supply voltage. This is 
repeated for the other harmonics. 

14 the readings of the dynamometer and voltmeters 
are d^, and c, respectively, for the nth harmonic 

iiiea ('v^ere k is the d.c. calibration con¬ 

stant) 

= kennoiCp-— (where is ttie desired wth 
^ ^ harmonic in E.M,F. w^ave) 

Therefore ^ 

kCp 

from which the percentage of the harmonic [= (lOOeJe) 
per cent] can be calculated. 


From Fig. 24, which shows the relation beWeen 8 and 
for various values of A, it is seen that by making 
= 0*707 the beat frequency can be as much as 40 per 
cent of the natural frequency of the moving system 
before the error exceeds 1 per cent of tlie Reading. Thus 
for a natural period of 1 sec. for the moving s}^tem the 
beat period can be as small as 2*6 secs, without causing 
appreciable error. 

The practical adjustment of the damping factor to 
the above figure v/ill in general be a matter of trial and 
error. If oil damping is used the damping factor can 
be varied by adding oil of greater or less viscosity as 
required until the number of oscillations made before 
the amplitude falls to a given fraction of its initial value 
when a d.c. current through tlie coil is switched off, 
has the theoretical value. 

(ii) The error in the dynamometer reading due to the 
interfering harmonics in the oscillatory circuit .—For a 
self-oscillatory circuit the saturation current of the 
valve is reached, and so, since the valve must be worked 



(c) The various sources of error. 

(i) The error in the dynamometer reading dm to the 
effects of inertia and damping on the moving system.’— 
This Mvm be the chief source of error in this method of 
anal3^is, although it can be rendered inappreciable by 
a careful design of the moving system. 

It is shown in Appendix 10 that 

actual ma x, reading i 

true max. reading ~~ ^ 

where ^ = ratio of impressed to natural frequency of 
moving S3^tem, 

and A = ratio of actual damping factor to critical 
damping factor. 


^yond the strmght part of its characteristic, interfering 
harmomcs are induced in the anode current and there¬ 
fore in the oscillatory current. If the valveTls worked 
from the middle of the characteristic the only appreciable 
harmonics will be those of odd orders. 

It is shown in Appendix II that the only appreciable 
part of this error is due to the combined effect of all 
pairs of harmomcs of the same order in the currents 
m the two coils of the dynamometer. The Tna-rim^iiTt 
value of this error is shown to be less than 0-0016r/£ 
per cent of the true reading, although the actual figure 
may be very much less than this, as it is unlikely that 
tte deflections due to all the separate harmonics in the 
torque will have their ma^affimm values at the 
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instant that the true reading is a maximum. Also, 
the above error is for the analysis of a rectangular E.M.F. 
wave, for which it is considerably greater than for most 
E.M.F. waves likely to be analysed. 

It thus appears that the ratio r/JD of the oscillatory 
circuit anight be made as large as 2 000 before the 
error is increased to I per cent of the reading. This 
would-^mean that a dynamometer and ammeter both of 
portable type could probably be employed, although 
it may not be advisable to replace the Moullin voltmeter 
by an ammeter, as the indication of the latter would have 
to be independent of frequency at the frequency of the 
higher harmonics. 

(iii) The error due to the voltmeter across the main induc'> 
tance recording the RM,S. value of the mixed wave and 
not the value of the resonating harmonic only. 


Reading of voltmeter = -jzViVn + 


Required value 


error 

reading 






This error is as dealt with for tl^e*previous method in« 
Section 7(a)(iv), where it is shown to be negligible for 
all ordinary E.M.F. waves likely to be met with. 

(vi) Error due to the impedance of the pressure-coil 

circuit being taken as the reactance of the series condenser .— 
This error is as dealt with for the previous method in 
Section 7(a) (v), where it is shown that it can beanade^ 
sufficiently small by a suitable design of the pressure- 
coil circuit. • 

If an ammeter is used to measure the oscillatory 
current, and the capacity ill series with the pressure 
coil is replaced by a non-inductive resistance, tiien the 
error made by taking the impedance of the pressure- 
coil circuit as its resistance is in general reduced to a 
negligible quantity. 

(vii) Error due to mutual-inductance effect between the 
fixed and moving coils of the dynamometer .—^This is as 
dealt with in Section 6(g)(iii). It will in general be 
possible to design a pressure coil so that the error due 
to this effect will not exceed 1 per cent of the reading 
when a series condenser is used. 

(viii) Error due to the grid current of the valve affecting 
the dynamometer reading .—This error is shown to be 
inappreciable in Section 7(^)(vii). • 


Ym ^ 

Fn 7^ ’ vmL 


na}L{y^ — 1 ) 

f f ^ 

on substituting for lynl^n Equation (49) (Appen¬ 
dix 11). 

error 1 

reading ^ x i (y^ — 1)^ 

y«3 





This error will be greatest for n = 3, for which case 


error 

readuig 


< 1-36 X 



Thus this error will not exceed 1 per cent of the readmg 
if rfL for the oscillatory circuit is less than 860. 

If an ammeter is used to measure the oscillatory 
current the error will be much less, as indicated in the 
last method of analysis. 

(iv) error due to the resonating current being calcu¬ 
lated from the reactance and not the impedance of the main 
inductance .—^This error can easily be shown to be 

1 ^ 

2 * rC^oy^i^ (approx.) of the harmonic being found. 


, This error is greatest for the 3rd harmonic, and there¬ 
fore for the error in this case not to exceed 1 per cent of 
the reading, the ratio fifLi for the main inductance must 
not exceed 130. 

(v) Error dm to the reading of the voUmeter across the 
a.c. supply being" taken as dtte to the fundamental only .— 


9. Conclusions. 

Where the frequency of the a,c. supply being anal 3 ^ed 
is sufficiently steady to pCTmit its use, the self-oscillatory 
method has been shown to be capable of giving very 
accurate results. As the ratio r/L for the oscillatory 
circuit can be made as large as 1 000 without the error 
exceeding about 2 per cent of the harmonic being found 
for the larger harmonics, the whole apparatus can be 
made very compact and only portable instruments need 
be employed. 

As this method cannot be of general application, 
however, owing to the limit imposed by frequency 
variations, the most useful method to meet genial 
requirements will be a combination of this method witli 
the neon-lamp method. The valve used will in the 
one case supply tlie necessary oscillatory current, and 
in the other amplify the current induced by the neon- 
lamp circuit. This combination of the two methods can 
be very simply effected, since it is only necessary to 
; modify the apparatus of the neon-lamp method with 
valve amplification to the extent of ensuring that the 
damping of the moving system of the d 3 mamometer is 
properly adjusted, and to provide means of that very 
fine tuning which is essential to the self-oscillatory 
method. 

The latter feature can be arranged for by using a 
variometer for the final stage of the tuning, this consisting 
of a small coil connected in series with tlie main induc¬ 
tance used for the neon-lamp coupling, and capable 
of being rotated in it at the opposite end to the coil 
carrying the neon-lamp current. 

The ratio rfL for the oscillatory circuit cannot be as 
large ^ for the self-oscillatory method alonei, as the 
requirements of the neon-lamp method will limit it to 
between 160 and 200. For this figure it should be possible 
to analyse E.M.F. waves to within 2 per cent of the 
harmonic itself when using the neon-lamp method, and 
to within less than 1 per cent of the harmonic itself when„* 
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•using the self-oscillhjory form of apparatus. If the 
harmonics to be found are small, the accuracy will, of 
course, be limited by tlie experimental error in reading 
the d 3 mamometer. 

An attempt shoild always be made to carry out the 
analysis with the self-oscillatory method, owing to its 
^ ^eaifer simplicity and accuracy, but if the fluctuations 
in frequency are too great then the neon-lamp method 
can be used. ^ 

The complete diagram of connections has already been 
given in Fig. 23, and the Chief features of the complete 
apparatus required are outlined below. 

Neon-lamp circuit. 

Auto-transformer. This takes about 2 amperes from 
the a.c. supply. 

Phase-shifter. This should if possible be of a t 37 pe 
which requires only one adjustment to be made. If 
a choke coil is used the iron circuit of this should be 
closed, so that the external field produced is small. 
Failing this it may be necessary to enclose it in a 
thin sheet-iron box for screening puiposes so that 
the dynamometer is not affected. 

• Ammeter. Ordinary commercial t 3 rpe. 

Saturated transformer. This should have 3 tappings 
on the secondary for use witli frequencies of 26, 60 
and 100 , respectively. 

Neon lamps. Two of these only will be required, 
connected back to back.** 

Coupling with oscillatory circuit. Coil of about 1 000 
turns that can be rotated inside one end of the 
smaller inductance of the oscillatory circuit. 

To ensure that the desired E.M.F. wave is always 
induced in the oscillatory circuit, the primary current 
of the saturated transformer is alwa 3 rs adjusted to have 
a specified value by means of tappings on the auto¬ 
transformer across the a.c. supply. 

Oscillatory circuit. 

Capacity. This should give ranges from 0*6 /iF to 
10-0 fiF in steps of 0-6 ^F, and from 0-01 jxF to 
0*6 /zF in steps of 0-01 juF. These two ranges can 
be controlled by two dial switches, and will provide 
sufficiently fine tuning for the neon-lamp method. 
Main inductance. This is also the fixed coil of dynamo¬ 
meter. It can be designed to have a ratio tJL =3 76 
and to give 4 ranges of inductance with plug 
connections. The external diameter of such a coil 
would be about 26 cm. 

Dynamometer pressure coil. This is suspended inside 
the main inductance. The pressure coil and the con¬ 
denser used in series with it must be so designed that 
the error due to the mutual-inductance effect, and 
that due .to the impedance of the circuit being taken 
as the reactance of the series condenser, are both 
sufficiently small for the higher harmonics. The 
damping factor must be adjusted to be 0*71 of the 
critical damping factor. The deflection is most 
conveniently observed by reflecting a spot of Hght 
on a scale at a distance of about 1 m from the coil, 
Voltmetm* across a,c. supply. This can be a portable 
instrument of the ordinary commercial type. 


Voltmeter across fixed coil of dynamometer. The 
most suitable instrument is a Moullin thermionic 
valve voltmeter, in conjunction with a suitable 
series resistance. 

Coupling with neon-lamp circuit. Thercoil used for 
this purpose can be much smaller than tl^ main 
inductance coil. It can be so designed that 
= \Li and f 2/-^2 = 200 , so that the contril^ution 
to tile total rjL of the oscillatory circuit by the two 
inductance coils will be 100. This coil should also 
have 4 ranges of inductance as for the main coil. 
Its external diameter would be about 18 cm. 
Fine-tuning variometer. This should consist of a 
coil which can be rotated in the above coil, at the 
opjposite end to the neon-lamp current coupling 
coil. It will require to be wound witli about 
l/30th of the number of turns in series on the above 
coil for the largest range of inductance. This will 
give a total variation in frequency corresponding 
to a change in capacity of 2 • 0 per cent on the greatest 
or first range of inductance, 8 per cent on tlie second 
and 10 per cent on the third. This variometer 
coil can, by changing a plug connection, be con¬ 
nected in series with tlie coil in which it rotates.^ 
It will increase the rjL of the oscillatory circuit bv 
about 10, 40 and 100 respectively, for the tliree 
ranges of inductance, but as already showix tliis will 
not affect the accuracy of the self-oscillatory method 
for which method alone it is used. f 

It may fee advisable to screen the d 3 mamometcr from 
the above combination of coils by tlie use of a tliin 
sheet-iron container round the latter. 

Valve circuit. 

Three-electrode valve. This must be of a standard 
type with a saturation current of not less than about 
40 mA. 

Grid coupling. A coil that can be rotated at one end 
of the fixed coil of the d 3 mamometer. r 

Filament d.c. voltmeter. Commercial type. 

LrOw-tension supply for filament. 6 -volt accumulator. 

Filament rheostat. 

Grid potential battery. Dry battery in steps of 3 
volts up to about 36 volts. 

High-tension supply for anode circuit. In most cases 
a 400-volt d.c. supply will be available. This is 
preferable but, failing it, a 200 -volt supply will 
suffice. 

D.C. milliammeter in anode circuit. This is not 
absolutely essential, although its indications are 
very useful. 

In conclusion a list will now be given of the necessary 
operations to be earned out for the complete analysis 
of an E.M.F. wave-form. 

Procedure to he followed for the analysis of an EM,F, 
wave-form. 

Preliminary, 

Coimect high-voltage d.c. supply in anode circuit. 

Connect a.c. supply to be analysed to terminals of 
apparatus. ^ 

Adjust filament voltage toan&rmal value. 
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Adjust grid voltage to give mid-point of characteristic^ 
when milliamineter will record one-half the satura¬ 
tion current. 

The self-oscillatory method. 

Connect inductance coils of oscillatory circuit to give 
maxhnum range. 

Connect fine-tuning variometer in series with circuit 
by changing plug connection. 

Set capacity at approximate value required for 3rd 
harmonic as read from graph. 

Increase grid coupling until circuit oscillates. 

Tune circuit until period of beat with 3rd harmonic 
is greater than 3 secs., and preferably as large as 
possible. 

Observe (i) maximum deflection of dynamometer, d. 

(ii) corresponding resonating voltage, v, 

(iii) corresponding supply voltage, e. 

Repeat for higher harmonics in order, changing in¬ 
ductance to a. lower range when capacity is reduced 
to about 1 ftF. 

Calculate each harmonic = Kdl(ev) x 100 per cent 

^ of fundamental, where K = constant for given 
range of inductance used. 


before the oscillatory current is ainplified, the phase- 
shifter being first adjusted to give a maximum dynamo¬ 
meter reading. In -Ms case only one set of readings is 
necessary with the amplified current. .In each case, 

harmonic = --- x 100 per cent of the 

'0 — V 

fundamental, where K = same constant as for the Self- 
oscillatory method. 

Finally, although only tlie of the analysis of 
E.M.F. waves has been discussejjl in the paper, tlie method 
advocated can obviously be applied to the analysis of all 
forms of periodic voltage and current waves, since it is 
always possible to pass through the moving coil of the 
dynamometer a current whose harmonics bear a known 
relation to those of the wave-form in question. 

The authors are greatly indebted to Mr. C. P. Lockton, 
who did much useful experimental work in the later 
stages, and to Messrs. Metropolitan-Vickers Electrical 
Co., Ltd,, for the manufacture of the inductance coils 
and for the loan of apparatus. 


APPENDIX 1. 


If the fluctuation in frequency is too great for steady 
readings to be obtained with the self-oscillatory method, 
then use the neon-lamp metliod as follows:— 

The neon-lamp method. 

Conn&t neon-lamp circuit to appropriate tapping on 
secondary of saturated transformer according to 
frequency of a.c. supply. 

Adjust auto-transformer to give specified current 
dxrough primary of saturated transformer. 

Disconnect fine-tuning variometer from oscillatory 
circuit. 

Connect inductance coils to give maximum range. 

Set capacity at approximate value required for 3rd 
harmonic. 

Tune (Jircuit to 3rd harmonic. 

Adjust neon-lamp coupling to give a resonating voltage 
within the specified limits. 

Switch off neon-lamp supply. 

Switch on filament supply to valve. 

.Adjust grid coupling so that the circuit is almost but 
not quite self-oscillatory. 

Switch on neon-lamp supply. 

Retune oscillatory circuit. 

Readjust grid coupling to give amplification of about 

6 . 

Adjust phase-shifter to give maximum dynamometer 
readiiigf 

Take readings of— 

(i) maximum dynamometer defiection, d\ 

(ii) resonating •^oltage, v\ 

(iii) a.c. supply voltage, e'. 

Readjust grid coupling to increase amplification 
further by about 25 per cent. 

. Retune and readjust phase if necessary. 

Take readings of instruments as before, v" and 6^ 
respectively. 

Repeat above operations Jor the 6th harmonic. Above 
the 6th harmonic, ^the first set of readings can be taken 
VoL. 63. . 


To Find and for Circuit 1. 

Circuit 1.—^The circuit has already been given in 
Fig. 1. 

Let X, = self-induction and resistance of choke 
coil. 

C =5 capacity of condenser. 

Ri and B = non-inductive resistances of the order 
of 60 000 ohms and 200 000 ohms 
respectively. 

00 

6 = S sin noit = E.M.F. applied to AB. 
1 
00 

V = S F«sin {noit — ^„) = E.M.F. across DE. 
it = current in AD. 

^ f r 

^ = S In sin {ncxit — ^^) =: current in choke 
^ coil. 

= current in condenser. 
if = current in R.. 

Consider the effect of one harmonic of E.M.F, alone. 
Treating symbolically we obtain 

1 


H 




+ jnCDO + 


a 


Ti -f jncoL R 

.pi j 1 — rfico^LO -|- 


a 


and 




Ti -h frmL 
l^rfico^LO+jr^mo 


Ti -|- jncoL 


-a] 


(7) 


If now we tune the circuit to the frequency of the 
nth harmonic, i.e. make n^co^LO « 1, we have 

V _ IP /fi J. 7 ? J. »'iC'\1neglecting ia com- 
Fft ^n/1^1 + *^1 X J J parison with ncoL 


»/[ 




(8) 
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OB 


where 

We have also 

1+.Rir(l/E) + (1 ^v^ta^LG +jxriO)G)l(fi'\-jx(jt)L)'] 
^ ■®*’~ l+iRjrCIL) 

^ ^ 1+-Si[{(l/.B) 4- —jRxjX — ifiln^lxcoL] 

W.. * 1 I /T> 


1 + (B^fcm 


to same order of approxii^ation and smcxta^co^LO=^x^ln\ 
Thus 

YjI — ^ “i" (n^ — a^)Jx 

rr ~ ' ' ' ■ ' III 


1 + (ihrOfL) 

•®»L « ' 1 + (RirO/L)J 

BiCoO 


_ _ ^ — aj 2 

^ vt 


7* a? ‘ 1 + (i2ir(7/i>) 


• (9) 

(approx.) ( 10 ) 


since in general the real part will be small compared 
with the imaginary part. 


Now 
so that 


In « 




ri + jmoL jno>L ^^PT^ox.) 


^ ^ X 

Ix ^ 1 + (i?2^0yZr) 


iJiCoO 


^ a?^ RioyQ 


— 3~ 


n 1 + {B^rOfL) 


( 11 ) 


As i^iCr/Zr becomes large compared with unity, we 
have as a further approximation 


and 


^ iffi — (X^ 0}L 
I'x r 

\In\ __ OiL 

\Ix\^%^ ^ ’T“ 


( 12 ) 


We chi^y concerned with the ratios of the 
ampl^des and not with the phases of the varions 
quantities. 

APPENDIX 2. 

The Probable Error Introduced by an Imperfect 
Auxiliary Wave. 

Standard method.— have, from Section 6(6), 

i4_\ a 

y* 2 ,^— 

and from Equation (11), 

»» r l + (EirOyi) 

In ~n^' wL JRitO/L 


^xn 

n • * 


n 


3 — n2 ’ ct)L* 

provided we make sufficiently great. 


Also from Equation (5a), using the first commutator, 


so that 


^ 1 

Im ^ 4 _r ^ 1 r 

^ 3 9icoZ x^sZrjj ^ 

XsxtO 

^Icen 4 r 1 




noiL x{x^ — 1 ) 


aj«3 

3 ncuZrL Ii — 1) 

Since the summation is for odd values of * only, 

3 fTT^ 


^^15nL/J^8l.8 V 

rIL = 16, ft) = 314, and 


and substituting r/L = 16. to = 314, and since also 
^ 3 in all cases. 


APPENDIX 3. 

Design op Fixed Coil. 

The conditions to be fulfilled in the design of the 
fixed-coil system are:— , 

( 1 ) The ratio VifL must be not greater than some 
fixed figure when measured with direct current. 

( 2 ) The ratio of effective resistance to the resistance 
measured with direct current must be as small 
as possible at 1000 cycles per second, i.e. the 
eddy-current loss must be small 

(3) It must be possible to obtain values of self- 
induction as low as 0-006 hany when all tlie 

layers are connected in parallel. 

MaxweU's approximate formula for the self-mduction 
of a coil of rectangular section is 

L = 4u'»?a(logg ^ - 2 ) X 10-8 henry . (16) 

where n = number of turns, 

a = mean radius of coil, 

and R = geomettc mean distance of the transverse 
section of the coil from itagif - 

If the section be (6 x c)cm2, then 

R = 0-2235(6 -I- c) approx. . , (ig) 

Maxwell shows that the coil of maximum self-induction 
for a given length of wire, and therefore for a given 
resistance, is given by " * 

or a « 0*921 {6 + c) on substitution 

from Equation (16) . ( 17 ) 
Then Equation (15) becomes 

= STm^oex^lO-^ henry. 
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Now the resistance of the coil to direct current is 
given by 

27Tan X 1*7 X 10“® , 

= --- onm 

wire section 

and n x (wire section) — 6c x a, where a is the space 
factor. 


number of turns is rather laborious and only the outline 
of the method of calculation will be given. 

The mutual inductance between any layer and the 
rest of the coil may be obtained by summing the values 
of mutual inductance between this layer and each of 
the other layers. Maxwell^s formula for the mutual 
inductance of two coaxial solenoids of radii Ci, C2 afid 


Hence'' 




2TTarfi X 1*7 X 10*^® 
be X a 


so that 


L 

n 


3 6ca X10“® 
1*7 X 10*-® 


= l-77 6ca X 10-®, 


Thus, since bca is the net copper section, it is clear 
that if the coil be made according to Maxwell’s rule 
the ratio L/ri varies directly as the copper section and 
therefore depends only on the weight of copper put into 
the coil. 

The weight of copper required varies as ct x 6o X a, 
i,e. as 6c(6 + c) from Equation (17). 

Hence, since be is fixed by *^6 ratio Ljr^, it is clear 
that the most economical coil is one with a square 
section if we have only to consider the d.c. resistance. 
Since, however, the eddy-current loss will depend on 
the shape of the coil for a given number of ampere-tums 
in the coil, we have to consider the effect of varying the 
ratio of axial length to winding depth, i.e. 6/c. 

We have to consider the eddy-current loss at fre¬ 
quencies of the order of 1 000. It is clear in tire first 
place th3lt tlie sldn effect will be negligible at these 
frequencies, and that we can therefore calculate the 
eddy-current loss in the wire by the formula given by 
Howe 

—2 10“^® 

w s- X X -watt/cm® 

* 8 P 


where f is the frequency, d the diameter of wire, p the 
specific resistance in ohms, and B the maximum value 
of the flux, density at the point considered, 

B can found approximately from the dimensions 
of the coil for a given number of ampere-tums in the 
coil, and it is clear that if this number be fixed the 
average value of B will decrease as the coil is lengthened 
axially. Thus the eddy-current loss will decrease with 
c/6; on the other hand for a fixed volume of copper, 
on changing the dimensions to conform to Maxwells 
rule,^ the ratio Ljri will decrease. There is thus a 
definite ratio of c/6 which will give a minimu m loss 
for a particular frequency. This may be obtained by 
a process of trial and error. In the first coil constructed 
c/6 was made equal to 0*26 and the calculated ratio 
of eddy-cu:5i;;pnt loss to direct-current loss was 0*45 at 
I 100 cycles per second. 

A further factor to be considered is the distribution 
of current amongst the various layers when they are 
connected in parallel. To avoid extra loss we have 
clearly to arrange for equal distribution of current. 
This will obtain approximately if the mutual inductance 
between any ofiB Idysy and the rest of the coil is constant 
for the various layers. This can be arrang:ed by reducing 
the number of turns per layer as 1h.e diameter of the 
coU increases. The calculation to determine the exact 
♦ Proceedings Qf ihe. Royal Socieiy,^, X916-17, vol? 93, p. 468, 


length I is 


where d = 


M = 47min2c|(i —^2cxd) 
l{c^ + l-r) 

2 Cl 16cf\ nj 


+ ... 


■where r = + cf) and nj, ng are the numbers of 

■farns in the two coils. M may be calculated lor Cj 
fixed and various values of cg corresponding to several 
layers throughout the coU, assuming equal numbers of 
turns. A few values only need be calculated; the 
remainder can be obtained by interpolation. By tlie 
use of a graphical method the summation for the total 
mutual inductance can then be easily carried out. 
This is repeated for otlier values of cx and then by 
interpolation the mutual inductance bet^^een the whole 
coil and any layer may be found. It will appear tliat 



Fig. 20.—^Turns per layer on dynamometer fixed coil. 

for an equal number of turns in each layer tlie mutual 
inductance increases by about 20 per cent in passing 
from the inner layers to tlie centre, and then decreases 
slightly for the outer layers. The corrected number of 
turns for each layer to make these mutual inductances 
equal is then found. This gives a first approximation 
to tlie correct number of turns. Using tliese new 
figures for the turns per layer tlie calculation should 
be repeated to get a closer approximation, since the 
relative contribution of the outer layers of the coil 
will be reduced. This correction can be effected quite 
simply graphically and the second approximation should 
give close enough results in practice. 

This method of calculation was adopted for both 
types of coils constructed, and the figures showing the 
variation in the turns per layer are given in Fig. 25 
for the second coil. 

Details of dynamometev used with methods 3 and 4. 

(i) Fixed coil. 

Mean radius : XI* 7 cm. 

Axial length: 7- 7 cm. 

Winding depth: 2* 35 cm. 
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Turns per layer: 177 for inner layer, varying 
unifoiSnly to 145 for centre layer and 148 
for outer layer. 

No. of layers : 40. 

Wire: No. 26 S.W.G. 

Self-induction—all layers in parallel: 0*0058 
henry. 

Resistance—all layers in parallel: 0*314 ohm. 
Ratio rijL v^th direct current: 54. 

(ii) Moving coih ^ 

Winding: 460 turns of No. 32 S.W.G. wire. 
-Resistance: 140 ohms. 

Self-induCtioii r 0*0.16 henry. 

Period: 2 secs. 

Weight: 36 g. 

Dimensions: 15 X 1*6 x 1*0 cm^. 

Suspension: bifilar. 


APPENDIX 4. 

Consideration of Possible Sources of Error in 
THE Readings of the Instruments. 

(i) Heading of the electrostatic voltmeter, —The torque 
on the moving system of the electrostatic voltmeter is 
proportional to the sum of the squares of the amplitudes 
of the various harmonics of E.M.F. across tlie oscillatory 
circuit. Thus the deflection d on a uniform scale is 
given by 

d=K(yl+vl+ ...vl+ ...) 

Thus the computed value of the resonating voltage 
from this deflection will be 




The proportional error is given by 


For the standard method all the values of except 
for F{2y4.i)» are zero, and 


Fgn ^ ^ ^ 4 

.4 _^ 

^ 3 moL * 1 — 


[from Equation (12)] 


Thus 


8<[l + 


« fs=C0 

16 r® f 

fa»l 


+ 1)2 


n- 


and for r/L « 15 and o) = 314, 

8 is thus negligible for all values of n. 


(ii) The effect of the mutual induction between fixed 
and moving coil circuits, —We have to calculate the 
E.M.F. induced in the moving coil by the fixed-coil 
flux for a given angular position of the former. 

Let (l^r -|- 6) be the angle betwefu the magnetic 
axes of the fixed and moving coils; A tlj^ effective 
area of the moving coil; R, L, the resistance and self- 
induction of the moving-coil circuit; n the i^^umber of 
turns in the moving coil and H the amplitude of the 
magnetic force due to the fixed coil. 

Then it may easily be shown that tire torque due to 
mutual induction is 

sin 2d X 10-» dyne-cm. 

If we substitute 

H == o> =: 1 160 X 6*28, n == 200, 

Xr = 6 X 1Q“*^ henry, R « 1 000 olims, A = 24 cm^, 

mean torque = 0*7 sin 20 dyne-cm. 

The maximum value of sin 20 with the scale used 
was 0*26. The torque due to a 1 per cent harmonic 
with the same value of H is 7*2 dyne-cm. 

Thus the torque due to mutual induction is 2*4 per 
cent of the deflection due to a 1 per cent harmonic. 
The error due to this will be negligible. 

(iii) The effect on the constant of the instrument of a 
variation with frequency of the distribution of current in 
the fixed coil, —^This point was tested experimentally by 
changing the distribution of a constant direct current 
in the fixed coil whilst keeping a constant direct current 
in the moving coil. The maximum variation in the 
constant was so small as to be negligible. 


APPENDIX 5. 

To Find the Maximum Error in the Dynamometer 
Reading Due to all Harmonics of Order 
Greater than «o* ^ 

We require the closest possible approximation to 

r S. ^ X 

ooL /__! ^ ^ 

as an upper limit. 




f\ 


A- 

y 

y 

ZTt 



^ Fig. 26.—^Limiting forms of the E.M.F. wave induced in the 
oscillatory circuit. 


For most wave-forms likely to be analysed we shall 
have 

Ixx ' * 


The actual wave-form of the E.M.F. induced in the 
oscillatory circuit is intermediate between the wave* 
forms A and^B in Fig. ^6r and so.we may expect its 
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harmonics to be intermediate between the corresponding 
harmonics in A and B. 


Since xq >> n, lf{x{afi — n^)} is posifeve and decreasing 
through the whole range of x given bjr a;o + 2 < a; < oo 


The a;th harmonic in A is 

8^0 sin2 xa 




X 


and the a^th harmonic in B is 


Also 


_ 8J5?o sina?a(l — cosaja) 

--- ^ -- 

TT x^a 




8.^0 sin^ a?a 

TT 


X 


< ^ 
^ TT X 


17? 1 — ^^0 aja(l — cos xa) 

\^x\ ---- 

x^a 


< 


TT 

81^0 1 1 — cos xa 
'IT a; aja 


(18) 


cosa;a 


But for the maximum value of 

xa 

xa^ sin oja — a(l — cos xa) « 0, that is 
(1 — cos xa) = a?a sin aja. 


we have 




I S^o 1 xa sin xa 

TT X 

, 8Jg?o 1 


a;a 


TT X 


. (19) 


But \Eg.\ is less than tlae greater of | | and || 




8^0 

TT 


1 

X 


( 20 ) 


Also for all integral values of n < tiq 

where Uq is given by 




n^a 


sin nd{l — cos na) 


^00 

1 I dx 

2 I x{ix^ - 

•'aJo 


n^) 



2 sin ?ta(l — cos na) * _ ^2 

0»57 7a ^ 1 

sinna(l—cosna) 1 —(n/a;o)^ ‘ 


APPENDIX 0. 

To Find for the Given Combination of 

Oscillatory and Valve Circuits, 

The directions taken as positive in the various parts 
of the circuit shown in Fig, 27 are indicated by arrows. 
At each mutual inductance the separate inductances 
must be so arranged that a positive current in each 
circuit produces a flux in the same direction. 



Fig. 27.—Valve circuit used to amplify resonating current. 


1 — cos noa «= noa sin noa 

from which UQa =^2-32 radians (approx.) 

= 133^ 

The most suitable E.M.F. wave for induction in the 
oscillatory ^circuit is one for which a 6® (approx.), 
for which the maximum harmonic is about tlie 11th or 
13th. 

For a = 6®, no = 22 • 1 and we shall make no appre¬ 
ciable error.la taking | I ^ I I providing we do not 
require n to be greater than 23. 

Using the above inequalities we have 


Max. error due to terms of order > xq 


aj=co 

• ,1. -J-S? ^ ?2 

col 2^ h'E„ 






n^a 


a)L sin*na(l — Cosma) 


2Lj 


««aJo+2 


n^) 


Considering, one harmonic only and making use of 
the operator D for d/dt^ we have 

= E.M.F. of nth harmonic induced in oscillatory 
circuit by neon-lamp current 
= sin ncot 

= LDin + Tin + .. . ( 22 ) 

where == current of nth harmonic through main 
inductance 

= In sin (nm^ — 

From (22) = {LB r)4 -f ^sinoe with the 

notation employed may be 

replaced by ^<<5^ 

= + r + • • (23) 

since 
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For the valve *^6 have, with the notation of Sec¬ 
tion 7(5), 

=3 oDVfj^ + 

= aD(const. - (LD + T)i^ + e«)+ ^D(const. + MDi^ 
= {{gM — — arD^n 4* 

^ ia = {{gM — aL)D — ar}4 -r ae^ 

and substituting for 4 in (23) we have 

+ = + (24) 

To find the particular integral of this differential 

equation which corresponds to the final steady cond it ion s, 

we ihay replace i? in it by jnto, the result then being 
given in symbolic notation. Thus 

M 9^ uT* , ^ 1 -}■ ur\ "i . . 

“~V 0 

since af{Ctico) is negligible compared with 1, 

The effective resistance is at once seen to be, r" = r 
{^M aL)fG which, being independent of frequency, 
is the same for all the harmonics. 

For maximum current the oscillatory circuit is tuned 
so that 7i^a}^LO = 1 + ar, when Equation (26) reduces to 

^ r~ (gM — ttL)/C ' ' ’ 

Again, considering the a;th harmonic only, 

e,, = {lD + 4 (approx.) 

from which on replacing D by jaxa we obtain 


r (gM — aL)IO + g{anaL — (1 -j- ar)lsixoOj 

— ___ fx __ 

r-(gM- aL)lG H-ytuL(!B2 - n^)Jx 

’"rco~L(J- n2)/* (^PP^o*-).(27) 

J" ~ ~ is negl4;ible compared with 

wL{x^ — 71 ^) jx 


.* ^ ^ ^ 

* ^ * r — {gM - aL)IC 

. ^ 0!^ — OjL 

I'x ■®« « 'r—(gM -aL)IO ' 


By considering the ordinary circuit without valve 
ampMcation as a special case of the valve circuit k 
which the constants g and a are both taken as zero 
instead of working it out direct, the necessary calcula- 
tions can be somewhat reduced. 

Thus for this case we have at once, from Equation (28) ^ 
^ (oL 

• • • (29) 

where for the circuit shown in Pig. g with two inductance 
coils m the oscillatory circuit 

L — total inductance in oscillatory circuit 
“ -f- -£^2 

and r =^total effective resistance of oscillatory circuit. 


To find r in terms of and the actual resistances 
of the two coils, and R, the value of the high non- 
mductive resistance shunting coil 1. we liave 


e„ = (J^jD + ri)i„ + {z^P + , 

= {(^ + PHD + ri + rz + ^j.4 

- -{ia-D + *-2 + (since », = 4 - »,) 

but 4 = _ _ ^ 

+ (-^1 + -^2 + 

which has as its particular integral 

from which, on using the relation nW(Zi + z^)o = 1 
•which, is approximately true, and neglecting ri^g/P. we 

see that effective resistance r =rx-f-r 2 + 


(30) 


To find £ljr„ we have 


Vn = (approx.) 

T 

or En=.vX-k±Il + V^\ /on 

“ “Vnoiij ^ R ) ' • • (21) 

. for the circuit with valve (ve have 

LI ^ 

Rg r" 

. (82) 


APPENDIX 7. * 

To ran Error in the Dynamometer Reading 
Due to the Auxiliary Current,,^ot being 
Sinusoidal, the Harmonic being Calculated 
from the Differences of the Two Sets of 
Readings. 

Let d’ = dynamometer reading without amplifica¬ 
tion. 

d" = dynamometer reading with amplification. 

F» = resonating voltage (max. value) without 
amplification. 

Vn = resonatmg voltage (max. value) ■with 
• ajjiplificatiqa. 

* = d.c. calibration constant of d3mamometer. 
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Assuming that the valve is worked on the straight 
portion only of its characteristic and that the pressure- 
coil current does not change in the interval between 
the readings, then 


.a;=n—2 


and d 


^ I COs5i,.+-?n-^» + j 

>> ' «=»! «=»«4-2 

f a? «n~ 2 

^ ] Jjglaj cos -f- /Zju) + 

a:=l a;-ao 

+ ^ j Jaflaj COS (0a:+/iai) r 

aj«»+2 J 


where = change in phase of a?th harmonic current 
in oscillatory circuit relative to ajth harmonic current in 
the pressure coil, due to the effect of the valve. 




d" - d'= I 2 ■*’*^^* +M*) - 4 cos e„} 

^ n«l 

+ ^ni^n -^n) H* ^ ^ ^x{^x (0<g + 

x-a+2 

— Ja; COS 

With no interfering harmonics in the auxiliary current 
we should have 

j;) 

Join 


2n(x)L> 


(Vn - Vn) 


error 


fundamental 

X^(X> 


^SS5 GO ^ yt 

S 4 ^ {la; cos (d^ + [lx) -Ig COS gj 


,*=1 

J' 


2^ 


Let IfJIn = A s=s amplification factor. 

The only effect of tlie valve circuit is, as shown in 
Appendix 7, to reduce the effective resistance of the 
oscillatory circuit from r to rJA, and to change the 
effective capacity of the circuit from O to (7/(1 -|- ar). 
This latter does not, however, affect the reactance 
component of the impedance to the a:th harmonic, for 
this is 

1 -f- or 


xcoL — 


acoO 


(since n^cu^LC = 1 -H or) 

X 

. r r2 + - n2)/a?}2 

’" LirlA)^ {a)L(aj 2 -- n^)lx)^J 

where is small, * 


• ^ 

also fijg sa change, in phase of relative to induced 
E.M.F. e* 

:= — (change in phase of impedance vector 
relative toye^p) 

On substituting for and in (33) we obtain 


error 


■yir-TT^W + rJ 


fundamental ^ _ 1)' 

(cos cos iMj. — sin 6^ sin fx^^) — cos 6„} 

a;«oo , 

“ y! r .X ■ 

^ IJniA - 1) (approx.) 


.'T' 




y , 7' ; 7* ;; (y» cos - ft/sin 0*) 

— 1) (approx, to 1st order) 


<X- f yj Y~, i\Y.\ + M 

- 1 ) 

^ {i-(iM)}«c / [ {1 + (iM)}«b 

” /i 4(A — 1) ' "I-Ca;® — n2)\ l2a)Ir(*2 — n®) 

» 

««»«> ^ _/ 


^ (approx.) 


aJ Ixtn AwHpa^-r?) 

The ratio of the xth term of this series to the ccth 
term in the series for the error with the single-reading 
method with no amplification is given by 


rx 


A(ji)L{x^ — n^) 
r 


<- 

^8 Ao)L 

3 T . 

Total max. error < -- • -r —- times max. error in 
8 AcoL 

single-reading method for given r/L, rjL being always 
taken to mean the effective ratio without amplifica¬ 
tion. 

If maximum error in determination of wth harmonic 
by single-reading method is rpn ^ 
maximum error for present method 




r rIL 
‘1 

40A(oI^'^* 



108 


COCKCROFT, COE, TYACKE AND WALKER: 


A*PPENDIX 8. 

To Find the Increase in Due to the Valve 

BEING WORKED BEYOND THE STRAIGHT PART OF 

ITS Characteristic. 

If^the range of variation of the anode current does 
not exceed about 80 per cent of the saturation current, 
a good approximation can be made to the grid and 
anode characteristics hf taking 

ia ~ “1" 

where Vg and are measured from the mid-point 
of the characteristic from which the valve is worked. 

The only appreciable undesired harmonics of order x 
induced in the oscillatory circuit will be those resulting 
from the large nth harmonic current in this circuit. 

If the resonating current = sin noyt 

Vg = MnoyI.li cos neat .... (34) 

^iso Va = — Lncalli cos ncot . . . (35) 

ta = nayIf^{gM — aL) cos neat 
. + n^oy^l'^(hM^ - bL^) cos® nwt 

=s na)If^(gM — aL) cos ncot 

-f- {n^co^I^{?iM^ — bL^)}^{3 cos ncot -|- cos Bnoyt) 

i 

The only harmonic in the anode current other than 
the nth is one of order 3n, which is of magnitude 

The proportion of this current passing tlirough tlie 
main inductance is in the ratio of the admittance of 
tlie inductance to that of the whole oscillatory circuit, 
that is 

_ -y{l/(3na,X)} 

+y3na.C7 
1 1 
8 


1 - Qn^ay^LO 

- bL^} 


32^ 

< ^n8<o3i;®Mf3 


. hn ^ 

• • *17“ ^ 


JmaMVl .(3e) 


Since 


In 32 

Vg == max. grid voltage above mean 
voltage 

Mnoyin [from (34)] 

The airiplificatLon A -- - - 

T -- (gM ~ aL)IO 

(from Appendix 6) 

. - (1M)> 


9 


r{l - (IM)} 

r^co^Lg 


(37) 


. substituting for M in (36) we get 

-1 


•Tte ^ - (lM)}Fg 


2^ BBncoLg 

^ rhVl 


B2noyLg 


( 38 ) 


APPENDIX 9. 

To Find the Error Due to the Reading of the 
Voltmeter Across the Main Inductance being 
Influenced by the Presence of the Interfering 
Harmonics in the Oscillatory Current. 

The voltmeter across the inductance measures 
;^(Fi + V3 -f Fg -f . . . + .. .)* 

© +••• + ! + (^) +..•]* 

The error made by taldng tlais reading as the resonating 
voltage of the nth harmonic is given by 

error 


true reading [_ ^ / ,\v^) J 


^ r" \2 

Appendix 6) 




« i/" JllV'V 

iXnoiLJ U„ 

*■=•1 


a:® 


S’® \8 


(39) 


To find the error made in the estimation of'the nth 
harmonic of a wave, due to the errors made in tlie two 
readings of the resonating voltage before and after 
amplification, we have 

. ^d" - d’)n(x)Li 

■■ ” 

Now 8I„ = -^s f" -l -^8 r' 

“ + DF; 

whOTe 87* is the total error in J„ due to errors SF^,' and 
SF« in and F^ respectively. 

2(d"-d')no)L ( 8F* , 8F* 1 

* (<-f;)* + (f;'-f;)^/, 


87* 


■ r r 8 f; 8f: 1 

, “^f;' - f; v: ~ vj 
.87^_L_.^ 

In A — 1 


A-l 


8< 

F« 


(40) 
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/r"\2 

But the error oc j [from (39)] 

. “G-r 


8f;' 8f; 1 


F„ 


A2 


Substituting for —in (40) we have 


84 _ 

In U - 1 


1 \8f; 

~ 1)/ f; 


1 8Fn 

f; 


_ 1 / r" V 2 

~ 2A [no)LJ Zj Un ' - nS; • • 

The above infinite series can be shown to be convergent 
for the values of given by the neon-lamp induced 

E.M.F, wave, by considering separately the two ranges 
of a?, 1 to xq, and a?o + 2 to oo, where ccoisanodd integer 
greater than the largest value of n required. All the 
terms of tlie first section are finite, while the second 
section is easily shown to be convergent by comparison 
with tire appropriate infinite integral. 


APPENDIX 10. 


From (42) we have * • • 

(ar>2 + bl> + c)d = ^ [^/n{cos (nSwf + 

— cos (n2a> + Scoi + + ^n)} 

0 

a?«oo 

+ ^ J*{cos[(n — *<(^+ iiSa))<]H- — i^aO 

X^l 

— COS [(n + xoi + n8a>)« + ^ + 

Considering only that harmonic of the torque given 
by cos (nSai^ + — ^n)» which is obviously by 

far the most important, then 

(aD2 + 6D + c)e = cos {ndoit - On) 

where 

The particular integral only is required for the solu¬ 
tion of this equation, as the reading wdll not be taken 
during the initial transition period. 

This solution is given by 


0- 




V{(C - ^ 

sin (pt — 0n + ^‘•rc tan —^ 

\ c — ap^J 


where p is written for 7iSa>. 

If time is measured from the instant when 0 = 0, we 
have 

V{{C - «p2)2 _ 


0 = 


To Find the Error in the Dynamometer Reading 
Due to the Beat Frequency being too Near 
to the Natural Frequency of the Moving 

^YSTEM. 

The differential equation for the motion of tlie moving 
system is 

(aD2 hD + 0)0 

= iP{i» sin [n{oi + Sai)^ + ^n) }{^4 sin {wt + <^„) 


The above expression is most useful when given in 
terms of the ratios of actual to critical damping, and 
impressed to natural frequency. 

For critical damping = 4ac, where 6o ^ critical 
damping factor. 

if &/6o — ratio of actual damping factor to critical 
damping factor 

= A 

then = 4acX2. 


a;—CO 

■ h-E Ij,sin (osw* 4-.(^ 2 ) 

*=1 

assuming that the auxiliary current is sinusoidal and 
given ^ ^ 

In sin \n(a> + 8a))« + <jin/ 

where 0 = displacement of moving system from its 
equilibrium position, in radians, 
a = moment of inertia of moving system, 
h =5 torque opposing motion, exerted on moving 
system by damping medium per unit 
angular velocity, 

c = control torque per unit angular displacement, 
T — torque on moving system <Jne to unit current 
in each of*fi:*ed and moving coils. 


Also if pq = 27r (natural frequency) 
pi s ^ (approx., if & is small) 

If ^ ratio of impressed to natural frequency 

Po ^ 

then P^ = . 

Substituting in (43) from (44) and (45) we have 
1 


0 = 


V{{o-cj8^)2 + 4c^i8^r 7 


iTIJn sin pt 


^{(1 - / S ")* + ‘ 20 ^ 


. (46) 
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1 


• If true reading = max. reading "mth no damping and 

inertia effects then true reading = ^ 

. actual rea ding _ 

true reading ^/{(I — + 

• ^ a=s § 

The variation of 8 jS is shown in Fig. 24 for 
several values of A. It is seen that the best damping 
is that which makes A = Ov 7Q7, as then the beat fre^ 
quency can be up to 40 per cent of the natural frequency 
of the moving system without the error exceeding 
1 per cent of the maximum reading. 

The other harmonics in the torque are given by 

- cos{n( 2 o) + 8 o))i + 

+ {{n — * 0 ) + n 8 ft))t + — 

- cos{(n + + n 8 a))« + + ff>x}l 

Then taldng A = 0‘707 we have 8 < l/jgs for each 
► hamionic of torque, and since, owing to the arbitrary 
distribution of phase angles in the above series, tire 
amplitude of resultant deflection is less than the sum 
of the amplitudes of deflections due to separate har* 
monies in the torque, we have at once 
extra deflection 

_ ■ 1 

2 c L4n2a>2 a ?)2 


mental wave, i.e. referring to the wave being analysed 
the interfering harmonics in the oscillatory circuit are 
denoted by etc., or by where y is 

an odd integer differing from unity. 

The torque produced by one of these harmonics in 
die fixed-coil current reacting with all the harmonics 
in the moving-coil current is 


ajaaOO 




r.)} ■ <«) 


error 


fundamental 


- , goV4/ 

' Jit. 




(x — n )2 (a; -j- 

The error will in general be less than that which 
obtains for the analysis of a rectangular wave, so, 
taking l/a? and considering the infinite series 

m two sections as before, it can be shown that 
error 


fundamental 

<^{^3 + ^ (1+i lo&*o) + ^2 + is -|)} 

The aWe error is greatest for w = 3 , for which 
case, taking natural period of moving system = l sec. 
frequency of wave being analysed = 60 and aio = 31 * 
we have maximum possible error < 0-034 per cent of 
fund^ental. The actual error is liltely to be much 
less than this, and so will in general be quite nftgiigiM g, 

APPENDIX 11. 

To Rnd the Eeeor in the Dynamometer Reading 
Due TO THE Interfering Harmonics Induced m 
THE Oscillatory Circuit by the Valve. 

+ mi«i«31e of its charac- 

the only appreciable harmonics induced in the 
o^illatory cuiyent will be odd harmonics of the funda- 


^ 4 [cos {(yn — ajdo -{- ynS(o)t + 

- cos{(a/n + aia> -f 3 /n 8 to)t + ^+ 

where the range of x includes x = n. 

The maximum error will be expected from the terms 
for which X = yn, and so these terms will be considered 
separately. 

For a single value of y, i.e. considering only one of 
the interfering harmonics in the oscillatory current and 
excluding the term for x = yn from the summation, 
we obtain from Equation (47), Appendix 10 , 


error 


true reading 


o g=QQ , 

<- ^ ^ ^ 4 f_^ 

4 I (2/ ^1- 




(m+in) 


• (‘‘8) 


For a sdf-oscillatory circuit the effective resisjtance 
of tlie circuit is made negative and then the nseinfl - H r. Ti q 
inwease until the saturation current is reached, this 
being the limiting factor. As a consequence of this 
the anode current waves are flattened on top and so 
contain harmonics other than the fundamental. 

The anode-current wave will be smooth and without 
ripples, and so we can expect the harmonics in it to be 
less than the corresponding harmonics in a rectangular 
wave. 

If Ia„ and are the harmonics in the anode 
current of order n and yn. respectively, referred & the 
wave being analysed as fundamental, and if the osciUa- 
tory circuit is tuned to the «th harmonic, then the 
anode current divides between the two paths of the 
oscillatory circuit in the ratio of their admittances 

^°vn — y{l/(sinft»i>)} -H JyncoO 


Also 


but 


■l-y2 

In -y{l/(nmX)} , 




JKjoZj 


witli n^co^I^) 


ictyn 1 

= - for a rectangular wave 
lyn _ 




(49) 


The error wiU be less for most waves likely to be 
consid^ed than fer the case o:^ the rectangular wave 
for which, on substituting uT Equation (48), we have 
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error 


fundamental 


por 


na)^y(y^ — 1) 


F(x)dx + F(ifn + 2) 
1 






+ i I F[ic)dx 

the term for 


J 


where Fix) = ^ A—;—\ 

x{yn — x)^ x(yn + x)^ 

X =^yn being excluded from the summation. 

On evaluating this expression and putting n = 3, 

since the error is greatest for this case, we have 


error 


0-8j2)o 


fundamental So}^Ly{y^ — 1) 

Therefore, considering all possible values of y from 
3 to 00 , we obtain 


error 


o r 

0 -27^PZ j jL ^ 


fundamental (o^L 124 


+ 2. 


—L-] 

y{y^ - i)i 


0 


'27rj)o/ 1 
a)»i 124 

0‘02?:po 

oi^L 


♦'a 


R)r rIL = 200, oy « 314, and natural period of moving 
system = 1 sec., this error is less than 0*0006 percent 
of the fundamental, and is thus quite negligible. 

Considering now the terms in the series for the torque 
for whicli X ~ yn^ we have 




torque = \T ^ | {ynhoit + ^ 2 /» 


y-3 


whi^h gives 
error 


— cos {yn2(jy + Scot + + <l>yn)} 


true reading 


In ‘ ^n\ 


^>0 


Vo 




On substituting for lynllfi from (49), and taldng 
It/nJIn < since the error will in general be less 
than that for tlie analysis of a rectangular wave, we 
have 

error ppr / 1_ 1 \ 1 

true reading 4ct)^/ y^(y^ — 1) 


2/8=43 


..r- I£.(JLa. _ 

^ W^4co2. 


•'a 


dy 


2/4(2/^-1) 


i)*0023por 


n?a}LdQ)'^ 

0*0023r 


(approx.) 


noj^^L 


(since jS = nScolpo) 


Taking j3 = 0*4 and ax = 314, the maximum possible 
error is less than 0*0046r/(wX) per cent of true reading. 

For n = 3, for whi^h case it is greatest, the error is 
less than 0*0016r/J& per ffent of true reading. 
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Discussion before The Institution, 6 November, 1924. 


Dr. C. V. Drysdale: Anyone who has had actual 
experience of wave-form analysis will agree with the 
authors that the old methods of separating out the 
harmonics from a single wave-trace are tedious and 
inaccurate, and there can be no question that a direct 
electrical method of measuring the harmonics is greatly 
to be preferred. They have certainly shown by their 
careful theoretical analysis and experimental examples 
that the me^od proposed by tliem is capable of a 
high degree of accuracy; and the neon-lamp method 
of obtaining the various frequencies for the analysing 
wave is certainly most highly ingenious and valuable 
for many purposes. There are, however, certain dhec- 
tions in which , it appears to me that the electrical 
method could bo improved while retaining tlie funda¬ 
mental principle employed by the authors. It will 
be ndUced that one of the reasons for their attempts 
at deriving the high-frequency analysing wave directly 
from the machine under test is that, on account of 
the comparatively large periodic time of their dynamo¬ 
meter instrument, it is necessary to maintain the 
analysing and test waves in synchronism over a 
moderately long period, and this is difficult to do unless; 
they originate from the same source. If the periodic 
time of the wattmeter could be reduced to 0*1 second 
or less, so as still to give the average value of the product 
of the two components while being ^ble to follow beats 
of the order of a fe^^ periods per second, the whole 


procedure would be greatly simplified, and it would 
be possible to obtain the analysing wave from a separate 
oscillating set and to tune it sufficiently closely to be 
able to obtain the maximum deflection without the 
need for holding it in exact phase relation for any 
considerable length of time. Altliough for ordinary 
accurate measurements of power I have always cham¬ 
pioned the dynamometer wattmeter against its electro¬ 
static and other rivals, this is a case in which the 
electrostatic or hot-wire form of wattmeter in whicli 
the moving element can be made very light and will 
consequently have a very small periodic time can be 
used with advantage, with the additional benefit that 
all difficulties concerning self-inductance or mutual 
inductance in the wattmeter disappear and that 
the observing instruments become commercially pro¬ 
curable. The simple form of string electrometer 
made by tlie Cambridge and Paul Instrument Co. 
and other firms is extremely suitable for this pur¬ 
pose, as the moving element is only a thin fibre 
having a periodic time of only a few hundredths of 
a second, which time can be varied over a consider¬ 
able range by adjusting the tension. One of my 
assistants, Mr. G. F, Partridge, B.Sc., has developed 
a system of harmonic analysis originated by Mr. B; S. 
Smith, in which a valve-generated analysing wav© 
is used to polarize tlie plates of a string electrometer 
while the string is connected to the source to be analysed. 
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Tke frequency of the« anal 5 rsing wave can be varied 
continuously by the rotation of a variometer, the 
motion of the string being photographed on a drum 
rotating with the variometer. Frequencies of 
60 periods per sec. and upwards can be produced with 
ease, and by changing the capacity in the oscillating 
cycuit f^he frequency can be varied over a very wide 
range with an approximately constant E.M.F. Fig. A 
shows the connections of ;the electrometer, from which 
it will be seen that the E.M.F. to be analysed is merely 
applied between the string and the mid-point between 
the attracting plates or " quadrants/* and the analy¬ 
sing E.M.F. is applied across the quadrants themselves, 
as in the standard connections for electrostatic watt¬ 
meters. In the ordinary form of Cambridge string 
electrometer employed the camera is coupled to the 
variable oscillator for producing the analysing wave. 
The variometer is coupled to the rotating drum of the 
camera and to a motor which enables the two to be 
run in perfect correspondence at any desired speed. 
There is therefore a deiinite oscillating frequency corre- 



Fig. a.—M ethod of connecting string electrometer. 


spending to each angular position of the rotating drum, 
which can be determined initially; and it is possible 
to arrange the oscillator circuits so that an approxi¬ 
mately constant P.D. is maintained between the 
quadrants or attracting plates throughout the range 
of frequency, in which ceise the maximum peaks on 
the record can *be made to g^ve the values of the 
harmonics directly. Tests made mth different speeds 
of rotation of the variometer have given the same 
maxima, showing that the electrometer follows the 
beats accurately even when they are of moderately 
high frequency. This method has been used very 
successfully for the harmonic analysis of irregular 
waves of short duration, and is especially useful in the 
case of irregular disturbances containing a number of 
unrelated vibration frequencies. For the majority 
of practical tests on electrical machines, however, 
there should be no difficulty in maintaining the fre- 
qu^cy sufBlciently constant for a short lime to be 
able to read the maximum directly, and this has been 
found to be easily possible. In this case the whole of 
Ihe apparatus^ required is the string electrometer and 


an ordinary oscfflating set with coils of sufficiently 
high inductance and low resistance to produce oscilla¬ 
tions of the comparatively low frequencies required, 
thus reducing the whole of the gear to apparatus which 
is already easily obtainable. Care must, of^ course, be 
taken to work the valves over a sufficiently low range 
to avoid the generation of harmonics in the analysing 
wave, but this is not usually a difficult matter. The 
authors* method of producing tlie series of analysing 
waves from the machine under test by the commutator 
or neon-lamp method certainly has the advantage of 
enabling the phase as well as the magnitude of each of 
the harmonics to be determined, but I have never 
known a case in which the phase of the harmonics 
appears to be of great importance, and the authors do 
not appear to have troubled to obtain it in the tests 
they have recorded. It therefore appears to me that 
the electrometer method wdth a separate oscillating set 



win fulfil all practical requirements ; and quite possibly 
hot-wire elements of the Irwin type would prove almost 
equally suitable; and either of them could, it appeam 
to me, be adapted to the authors* devices without 
difficulty. 

In this connection there seems to be a great need 
for an alternator which wiU give a true sine wave for 
testing purposes. It occurred to me some years ago 
that an alternator made up with sinusoidally dis¬ 
tributed windings on the lines of my phase-shifting 
transformers would give a much more perfecr*wave- 
form t han is usuaUy obtainable. 'Within the last few 
weeks a small machine haa been made up on these lines. 

It consists simply of a stator and rotor, like an ordinary 
induction motor, but with distributed windings on 
both the stator and rotor, the distribution of turns in 
^e slots being according to a sine law so that the flux 
is almost perfectly uniform across the whole diameter. ’ 
The slots are staggered in order to make ihe effect of 
the teeth as small as possible, and a soft-iron shroud 
is inserted in the gtator core to reduce this effect still 
further. Fig, B is a windings diagram and Fig. C an 
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oscillograph trace of the E.M.F. wave of a small 
20-watt machine of this type which can be easily held 
in the hand, and it will be seen that it is almost per- 



FiG. C.—Oscillograph trace of E.M.F. wave of sine-wave 
alternator (50 volts, 46 periods per second). 


fectly sinusoidal but with a small high-frequency 
harmonic which corresponds approximately to the sum 
of jj^the stator and rotor slots (36 -j- 24 = 60), It 
is probable that with a little further attention to the 


staggering and shrouding of 1^6 rotor these ripples 
could be practically eliminated; and from experiments 
made on the phase-shifting transformers it would 
appear possible to obtain a very perfect sine-wave 
alternator by this device. The machine shown is 
only a two-pole one, and consequently is only suitable 
for frequencies up to about 60 periods per secmid. 
considerably higher frequency could, of course, be 
obtained by means of a mult%polar winding, although 
it would probably be dithcult to utilize such a winding 
for the frequencies required* for the highest harmonics. 
It is thought, however, that such a machine should be 
of value as a testing machine for ordinary calibration, 
etc. 

[The author's reply to the discussion will be found 
on page 117.] 


Mersey and North Wales (Liverpool) Centre, at Liverpool, 17 November, 1924. 


Prof. E. W. Marchant: Those who have had to do 
with the analysis of irregular wave-shapes will agree 
that the apparatus devised by the authors should be 
of practical viilue. Over 26 years ago I was working 
ill Prof. Hcnrici's department at the City and Guilds 
College, using the beautiful analyser which he had 
devised for obtaining the amplitude of the different 
harn]^pnics in a wave-shape drawn out to scale, by 
readings similar to those which axe taken on a planimeter. 
The method that has to be adopted to find the harmonics 
to-day, even with the shortened methods of analysis 
that are now well known, is rather cumbrous, and, of 
course, when the higher harmonics of the wave have 
to be found it is open to error, not merely because the 
oscillograph itself does not record exactly the higher 
harmonics in the wave, as the authors have pointed 
out, but also because of the mechanical difficulties in 
analysing the curves. A slight error in going over a 
photo^fraphic record of the wave-shape may make an 
appreciable difference in the determination of the value 
of one of the higher harmonics. It may be well to point 
out, however, that even with a 20th harmonic on a 
50-cycle wave, the high-frequency oscillograph will not 
be very far out in its record, since the frequency of the 
harmonic is 1 000 per second, as compared with a natural 
frequency of 10 000 per second for the vibrator of the 
oscillograph. If the apparatus described in the paper 
can be relied upon it will get over these difficulties, 
because it determines directly the value of the harmonics 
from tlie wave itself and, therefore, avoids both the 
errors fiTevitable in the recording of waves and also 
the mechanical errors likely to arise in the estimation 
of the higher harmonic from the curve, when it has 
been found. The circuit shown in Fig. 1 is a very 
useful one and its selectivity is remarkable. It is, of 
course, exactly the same circuit as is used in so many 
wireless sets in what is Imown as the tuned anode 
arrangement, and those who have had experience with 
this circuit will realize how selective it may be made. 
The values of Xnx calculated in Table 1 are, I presume, 
values which have been found withoqit taking account 
of the fact that the pow<25r factor of the condenser is 


not zero. If one makes correction for the power factor 
of the condenser, the value of r in Equation (4) will 
be altered by a considerable amount. If B^OfL 
nearly unity the effect of this correction is not large, 
but in some calculations which I have made the value 
of the coefficient B^rC/L works out at something a 
good deal greater than unity, and in such cases the 
value of T becomes important. For example, in the 
case of a condenser of 40 ju.F capacity, working on the 
11th harmonic of a ,60-cycle wave, assuming a power 
factor of 0*4 per cent, which is almost as good can 
be expected, the effective resistance, i.e. the r^istance 
which must be shunted across the condenser in order 
to make the circuit equivalent to one containing a con¬ 
denser with this power factor, would be only 1 800 ohms, 
and the values of Xiix in Table 1 would therefore require 
considerable correction. With regard to the standard 
method of analysis described in Section 5, it \vonld seem 
likely that a good deal of trouble would be experienced 
in getting the square or trapezoidal wave that should 
be obtained by means of a commutator. The a.uthors 
refer to the difficulties met with in connection with the 
brush gear of their ** s'^andard arrangement when it is 
using the small currents that are employed with the 
circuit shown in Fig. 1. Even with these small currents, 
to judge from the experience that one has had with 
rubbing contacts of this kind, I think that the possi¬ 
bilities of irregularity are very considerable. There is 
a great Hability to chatter if the commutator surfaces 
are not absolutely true and, of course, if the motor 
hunts at all there wiU be a further difficulty due to phase 
displacement of the wave. With regard to Fig. 16, 

I should like to ask what degree of accuracy has been 
observed in the time of the shutting off and lighting lip 
again of the neon lamps due to the pulses of current 
which produce tihe oscillations in the dynamometer 
circuit. In our experience with these lamps we have 
found that after a lamp has been burning at ^ 
voltage for some time it will probably take to start it 
a different pressure from lhat which was requ^f^ when 
the lamp first began to bum, and I should think that^ 
there might be a considerable amount of irregularity 
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m the interval between the switching ofi of the pulse 
due to one alternation and the starting of the pulse 
corresponding to the next. There may also be differ¬ 
ences between the two lamps that are arranged back to 
back. I should have anticipated considerable errors 
in the readings of the dynamometer, due to this cause. 
The errors that are likely to occur in this apparatus 
in determining the amplitude of the various harmonics 
of a wave have been worked out with great precision, 
but I am inclined to think that the accuracy that could 
be obtained in practice is limited. The cases in which 
an analyser of this kind is likely to be most useful are 
those in which fairly heavy machinery is employed, 
where the amount of power available is considerable, 
and in the case of a turbo-generator or a low-speed 
water-wheel-driven alternator I tliink that the slight 
variations whicli are inevitable, due to vibration and 
other causes, would produce a difference of more than 
0*1 per cent between the successive waves given by 
the alternator. It is, of course, of the highest value 
if this instrument can be relied on to determine within 
0«1 per cent or even 1 per cent the values of the har¬ 
monics to be found, but I do not think that an analysis 
this accuracy will be either possible or necessary in 
practice. Towards the end of the paper the authors 
refer to the use to wliich the apparatus may be put, 
and state that the method can possibly be applied to 
the analysis of all forms of periodic voltage and current 
curves. I should like to know what is the smallest 
amount of power that is necessary to operate an analyser 
of this description. If one is attempting to analyse 
the waves of current tliat are obtained, for example, 
from speech in a telephone transmitter or the periodic 
currents that are flowing along a telephone line due to 
speech, it is obvious that the amount of power available 
for the operation of the instrument Is limited. For 
such purposes as the determination of harmonics, 
which are likely to cause interference with telephone 
lines, the apparatus should be of the very greatest 
value, and for this purpose the accuracy necessary need 
not be very great. All that is needed is an instrument 
which will find what harmonics are present, and their 
order of magnitude. For such purposes the instrument 
described in the paper should be of the highest value. 

Dr. F. J, Teago: The value of the proposed new 
method for analysing complex wave-forms is very great, 
provided its accuracy is demonstrated. It is not of 
academic interest only, since improvements in the 
design and manufacture of electrical apparatus can only 
be made when the nature and magnitude of the existing 
trouble are known. The difihculty is that there is no 
standard to which the various methods of analysing 
complex waves may be referred, and the sole guide in 
this case is the mathematical reasoning. Takmg 
Equation (3), viz. 

cos H* • • • + + • . •) 

this deflection has been measured on a dynamometer 
with ^e object of determining and will be larger 
than its true value by an amount depending upon the 
value of the sum of all the terms except the wth. The 
equation for the analysing current has been given as 
''a complex wave, apparently generated by some form of 


oscillating circuit, although no mention is made of this 
in the first part of the paper. One would also suppose 
that the circuit is such that every term except that 
containing the i^th harmonic is relatively small, other¬ 
wise the error in will be exceedingly large. ^ If, however, 
the analysing current had been generated by, some 
rotating machine, then it would have contained no 
harmonic of an order less than the wth, and the.j.mag- 
nitude of each harmonic other than the ^th would 
be relatively small, and the equation for d^ would have 
been 

4 " 4 “ • • 0 

and d^ in this case cannot differ greatly from 
(since the products of small terms are negligible) and 
would be larger than it. In this connection also the 
ammeter-measured analysing current has probably been 
multiplied by ^/2, Let this value of the analysing 
current = [J,J. The maximum value of the nth har¬ 
monic must be got from 

[JJ 2 d^lk\l'^ 

and the question is, what is tlie relationship between 
[J^] the measured maximum value, and the true 
maximum value of the nth. harmonic in the wave under 
analysis ? 

If [In] has been obtained as suggested above, then, 
since 

= Vii'l + J'i +... + +...) " 

we have [4] > 4 

and very much greater unless 4 is the predominant 
term, so that [I^ may differ greatly from /^. If the 
rotating machine analysing current is considered in 
relation to the value of [2^ then 

' + 11+2 +...) 

and cannot differ greatly from 4 but is rather larger 
than it, so that [J^ = 2 djJh[I^ = 2^, since the errors 
tend to cancel one another. On the information given 
in the first part of the paper the problem appears almost 
hopeless, but this is due to the fact that the Appendix 
is at the end instead of being in front. 

Mr. R. O. Street: In approximating from Equation 
(4a) to Equation (4&) it is assumed that R^OjL is largo 
compared with unity, and tliis does not seem consistent 
with the statement in the next paragraph that it is 
advisable to make it of the order unity.* Also, in the 
simplification of Equation (7) the term is 

neglected. The condition of tuning makes n%}^LO = 1, 
so that we have really neglected Thus the higher 

the harmonic the greater is the error, and not the smaller, 
as would appear at first sight. Further, in obtaining 
Equation (10) it is assumed that R^u)OI{l -|- 
is large, and so, in virtue of the previous supposition, 
B^oxO must be very large, say of the order 10 000 for 
^ 3 rfching approaching a 1 per cent accuracy. Also, 
oxLjr must be large, but its actual value is never greater 
than about 20, and is often much less. I think that in 

* This has since been cori!^cted by the authors. 
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aeasuring the degree of accuracy of any harmonic the 
srror should be referred to the harmonic itself and not 
o the fundamental. 

Mr. P. Mercer: • The third harmonic and perhaps 
>thers of a correspondingly low frequency result in a 
OSS of efficiency and therefore command attention from 
upply engineers, but the higher harmonics of frequencies 
)etweeii 600 and 2 000, i.e. those in the audible range, 
ire of concern to telephone engineers and it is becoming 
ncreasingly desirable that attempts should be made to 
eliminate them either in the better design of alternators 
)r by the use of filters. Hitherto no satisfactory method 
las been available for measuring the higher harmonics, 
ind the authors are to be congratulated in having so 
learly approached a solution. There is one criticism I 
;hould like to make in connection with the method of 
neasurement of current in the oscillatory circuit (Fig. 2). 

\n electrostatic voltmeter is used which measures the 
/oltage in conjunction with a potential divider of total 
'esistance 200 000 ohms. It seems likely that the 
capacity between the plates of this instrument, even if 
>f the order of 20 X 10-» /xF, may lead to a serious 
3rror in calculating tlie values of harmonics having 
Erequencies of 600 and upwards. I should like to ask 
bhe authors whether this point was appreciated and 
whether a suitable correction was made for it. 

Mr.R. B. Burr owes: Referring to the dynamometer, 
let the analysing current be given by 

Sin{(n + €)o}t — where € < 1. 

The product of tliis and the current under analysis 
given by 

sin . . . + sill + • • • I 

gives rise to a number of terms the integrals of 
which dp not cancel out over the period of the funda¬ 
mental, from which it might be supposed at first that the 
high-frequency impulses which they represent do not 
cancel out in their effect on the torque. But, as the 
authors point out, to obtain the effect on the torque 
we must integrate the impulses, not over the period of 
the fundamental, but over the period of swing of the 
moving system, whatever this may be. For example, 
putting € — 0, the period of the torque is infinite, that 
is, the torque is steady and therefore also the deflection, 
the torque being given by JRcos (<f> — so that all 
the harmonically varying impulses cancel out absolutely. 
By increasing € from 0 up to 0-6 in steps, we can find 
the effect on the torque of this difference in frequency 
between the analysing current and the harmonic under 
analysis. Putting e = 0*1, the low-frequency torque 
due to the harmonic under analysis is given by 

JR4+e4cos(0-lco« + ^»-9^Ue). That is, if the 
fundamental has a period of l/60th second, this torque 
has a period of second. Superposed on this is a 
torque of high frequency (2?t -|- 0 • 1) of the fundamental, 
which therefore almost cancels out over the longer 
period. The other harmonics which will produce the 
greatest effort will b^ tho«e of frequency nearest to 
that under analysis. ' So, taking the next higher [the 

Vol/63/ 


[n -f l)th], the low-frequency totque due to this and 
the analysing current is given by 

jRX;t+«J^j+lCOs (0-9co« + 

i.e, it has a period of l/46th second. Putting € = 0*6, 
tlie analysing current *now produces torques of equal 
low frequency with both the i«th and the {n 4- l)th 
harmonics of the current undej analysis. The equal 
periods are double that of the fundamental, i.e. l/26th sec. 
The effect of these, whether Jithey add up or to what 
extent they cancel, will depend on their phase relations 
as well as on their amplitudes; so that in this case 
there will be total confusion between two consecutive 
harmonics, though with only odd harmonics this con¬ 
fusion would be less. These results seem to show that 
in order to get a torque effect due to only one harmonic 
€ must be less tlian 0«1, or, as the authors have it, 
a must be small compared with co. Another necessity 
for having e less than 0 • 1 is, of course, in order to be able 
to observe the amplitude of the deflection. For with a 
fundamental frequency of 60 and 6 =* 0 • 1, the frequency 
of swing would be 6, i.e. too high to allow the deflections 
to be read comfortably. With a swing frequency of 1 sec., ^ 

€ must equal 1/60. From this it appears that a very 
fine gradation of frequency of the analysing current is 
required in order to produce the torque effect due to one 
hannonic only. With regard to the error due to these 
low-frequency swings or beats being nearly equal to 
that of the moving system, this seems to be fully worked 
out in Appendix 10. I should like to ask whether 
the authors are able to obtain deflections of very long- 
period or even steady deflection, in which case the 
errors due to damping and resonance vanish. 

Messrs. J. D. Cockcroft, R. T. Coe, J. A. 
Tyacke and Miles Walker {in reply) : The very 
interesting instrument described by Dr. Drysdale 
employs the self-oscillating method described in sec¬ 
tion (8) of our paper and, in addition, makes use of an 
electrostatic wattmeter having a very small periodic 
time of swing. This type of instrument seems admir¬ 
ably suited to give quick readings of the watts, and 
thus to work well when the frequency is changing 
slightly, or to be used with a variometer as described 
by Dr. Drysdale. The periodic time of the swing must 
not, however, be made too small. The filar must be 
able to average the power throughout the cycle and 
not move so quickly as to give instantaneous readings of 
the watts. The method of producing a sinusoidal field 
by properly distributing the winding is very effective, 
as is shown by the successful operation of the phase- 
shifter. Small tooth-ripples are, however, very difficult 
to overcome. Even the skewing of the slots does not 
completely eliminate such ripples, on account of dis¬ 
continuity of the skewed slot at each end of the 

stator. ^ XT 4. 

The point raised by Prof. Marchant as to the enect 

of the i>ower factor of the condenser on the value of r 
is quite a good one if paper condensers having foil of 
poor conductivity are employed. We know tto to our 
cost. For a long time the ratio r/L was increased 
unduly by the poor condensers that were employed. 
By using mica condensers having good conductivity in 
the opposing metal- surfaces the power faetbr is so low' 
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as hardly to effect the value of r. For the 11th harmonic 
of a 60-cycle wave we should employ a condenser of 
only about 3^xF. The exact wave-form of the current 
obtained from the commutator does not matter much; 
it affects the wave-form of the analysing current to 
onljj a. very small degree. The more the comers are 
taken off the square wave, the smaller is the interforence 
wth r. The variation of the effect does not matter, 
because we measure the value of I' at the same time as 
we take the dynamometey reading. 

With regard to the variation in the characteristics of 
the neon lamps, we have not noticed any in 

the two lamps that we used back-to-back. So far as 
^e oscillograph record goes they appear to be identical. 
It IS true that if the lamps had different characteristics 
there would be a slight difference in the time phase at 
the begummg of each half-cycle, which would maVA 
It ^possible to get wliat should be the maximum 
readmg of the wattmeter. It must be remembered 
however, that the reading of the wattmeter would only 
be multiplied by the cosine of half the angle of variation 
im^ced by the lamps, and. as this angle is apparentlv 
exteemely smaU (if it exists at aU), the value of this 
cosme would be practically unity. 

Prof. Merchant aslcs what is the smallest amount of 
power necessary to operate an analyser of this descrip¬ 
tion. By making use of valves the amount of power 
required can be made excessively small. One of the 
methods that we have recently devised for providinu 
tte ^aljming current is shown diagrammaticaUy to 
I, of using the neon-lamp circuit shown 

cod M' is fed from the plate of 
a tnode whose grid is excited by a voltage of a fre¬ 
quency corresponding to the frequency of the harmonic 
positive end of a battery B 
“ connected by a contact maker F to 
inA tnode. A resistance of about 

100 000 ohms acts as a grid leak and has one end con- 
coutact on the battery so that the 
adjusted. When the contact is 
' becomes positive and a current flows 

m the plate circuit. When the contact is broken, the 
uegatave ^d the plate current stops. 
The contact maker F consists of a minute brush runntov 
upon a copper plate which has been engravS^ and 
enamelled with a hard-wearing enamel so as to repre- 
wnt m concentric rings a number of concentric Zm- 
mutators having a number of bars as follows •—ft ift 
14 18 22. 26. 30. 34. 38. 42. etc. The die StacL to 
a 2-pole S5mchronou3 motor so that on a 60-cycle circuit 
It r|ms at 3 000 r.p.m. In the 6-bar commuLor^ 

of ®fber three are 

of non-conducting enamel, so that at one revolution of 

fr ® commutator the grid receives excitation having a 
fo^uency equal to that of the 3rd harmonic The 

OtWte “ excitation for the 6tii, Ttt, 

9th. etc., harmonics as required. In order to take off 
tte square corners of the wave-form of the voltage 
upphed to tte grid, the coil is connected to series wito 
the grid, and a condenser C. of very small • 

resistance Bj. It will be s^n^^ 

t^n^ii'^thT®'*"® required to be 

taken frone the circuit is that required to drive the 


synchronous motor, and need not be more than 
I ampere at 100 volts (or 60 watts). If this power is 
not available from the circuit the voltage of which is 
required to be analysed, it would be possible to supply 
It by a combination of triode valves and relay, the grid 
of the first valve being connected to the dheuit in 
question. With the analysing current provided by the 
^citation illustrated to Fig. D the wattmeter sBown at 
the meeting will give a fuU-scale deflection when a 
current of 10mA flows through the moving coil. It 
would, of course, be possible to supply this current 
from the plate of a valve whose grid was connected to 
the supply, so that the total power would be only that 
required to energize the grids of two valves. 

A complete reply to the points raised by Dr. Teago 
will be found in the Appendixes to the paper. 

Mr. Street is quite right in his objection to the state¬ 
ment (to tlie advance copies of the paper) that R,rCIL 
IS of the order of unity. This has been corrected on 
page 74 and now reads '' is of the order of three.*’ 
/D *^® ^ worked out to Table 1 this quantity 

(BirOIL) was made equal to 3. In neglecting rJfuoL 
m simplifying Equation (7), Appendix 1. it must be 



remembered that is a fixed ratio, so that the error 
M l/«. Mr street does not take into account 
tte fact that and O are decreased with increasing n. 
In appro^atmg from (9) to (10). if Rr.O/Z is made 
^ual to three the imaginary part of (9) is never less 
than 40 times the real part, so that in adding vectoriallv 
iegljibk. amplitudes, the real part is quite 

Mr. Mer^ is quite right in pointing out that where 
the capacity of the electrostatic voltmeter affects the 
voltage apphed to it when obtained from if>otenSl 
dmder, it is necess^ to make a suitable co^ection 
The correefron r^uired to the case of the instrument 
employed by us is less than 1/lOth of Tper cent. In 
calculatog this It must be remembered that the current 
taken by ^e electrostatic voltmeter is at right angles 
m phase to the current flowing in the potentiometer 
resistance, and therefore a currmit of a few mierd- 
amperes when added at right angles to a few milli- 
amperes makes praoticaUy no difference to the virtual 
value of the voltage on the instrument. 

Mr. BiOTOwes’s remarks sbefut the torques of different 
frequencies apply ^only to the method using the valve 





119 


LAWSON: SOUTH MIDLAND CENTRE: CHAIRMAN’S ADDRESS. 


generator. It should be remembered, however, that, 
as shown in Appendix 10, the response of a low-frequency 
movihg system such as the dynamometw coil to a torque 
of relatively high frequency varies inversely as the 


square of the torque frequency, so that these higher 
harmonics of torque produce no appreciable effect. 
The magnitude of the error introduced is worked out 
in Appendix 10. 




SOUTH MIDLAND CENTRE; CHAIRMAN'S ADDRESS 

By W. Lawson, Member. 

(Extract* from. Address deUvered at Birmingham, 22«(f October. 1924.) 


The normal routine and details of daily toil are rarely 
of general interest, but in almost all our occupatioM we 
touch the fringe of a variety of matters and probleuM 
which, though outside the prescribed limits of our work, 
specially entice our interest or insistently induce 
tion in those directions compatible with personal bent 
and predilections. 

Such ideas as 1 shall endeavour to put before you axe 
therefore of the order of by-products of those activitaes 
in wliich I have been concerned as a supply met» 
engineer, as management secretary of a Whitley works 
committee in a large supply undertaking and as a member 

of the Institution. , ■ „ 

It has been said that the right way to study hmtory 
as to start with the parish and radiate back to Egypt ^d 
Mesopotamia, and though history is not my theme the 
olan of this address is analogous in so far as my remarta 
%nR concern, first our Centre, then the Institution, and 

afterwards the electaical industry. , •, 

If orife is satisfied by merely statistical evidence, it 
is easy to claim tiiat this Centre is in a flouns^ng 
■condition. It is. for instance, gratifying to know that 
our pr^ent membership (including the E^t ^dland 
Sub-Centre) numbers 936 as against 421 in the year 
1913. Such figures speU progress but they do not 
reveal the more obscure and more vital factors repre¬ 
senting the amount of interest taken by each mdmdual 
mmnber in the affairs of the Centre and its future develop¬ 
ment, and what lus conception is of the part to be | 
played by it in furtiiering the prestige and influence of 
the whole Institution. 

It woflia appear that we are approachmg the flood- 
tide of electrical development in this county, and the 
interchange of information and ideas which is our mam 
purpose is becoming of increasing necessity. k 
-E xtremely desirable that more papers should be forth¬ 
coming from amongst our own members so that aU 
available special knowledge and talent should ^ dis- 
• closed. In this respect much good would result from 
the establishment of co-operation between the vario^ 
Centres and Sub-Centres and by bringmg th^ into 
-closer touch. I suggest^that it would be feasible for 

F ♦ The technical part of the adtew (not 1“ extract) described 

:sLe handling of threa special problems m metering.;. 


Local Centres to obtain from their own combers, papers 
for informal reading at their own and adjacent Centres 
and Sub-Centres, and adopt a system’of interchange 
of such papers. The papers, together with discusaous 
thereon, cciuld be submitted to the Papers Committee, 
who would decide whether or not they should be published 
in the Journal. This would create a c^am amount of 
competition for the honour of publication, and help to 
assist in the framing of more varied programme. 

It is all a question of whether we axe content ^ a 
body to function mechanically on set lines or wish to 
intensify our interests and extract the last ounce from 

every privilege of membership. 

The welfare of the Students' Sections is a matter of 
prime consideration, and senior members should assoaate 
themselves as far as they are able in the various functions 
by the Students, and in addition to render, when 
possible, individual advice and wunsel. ^ 
way can we ensure that in the future the Institu 
will contg'Ti an ever increasing number of men eager 

There is one matter to which I should ^e to r^er 
on which statistics are not Mattering to ^ ’ 

and it concerns not only ourselves but the whole Institu¬ 
tion. It is one which calls for the sympathy and sup^rt 
of every member: I mean the Benevrfent Fund. You 
have all received an appeal from onr Hon. ^ 

the Fund, Mr. W. J. Anderson, who is anxious to appe^ 
in that capacity as something more th^ a mere fi^- 
head. It is obvious, however, that he 
much without your co-operation and I 
will do this, not solely by snbscnbmg but m p^u^mg 
oiheis to do likewise. Last March the 
issued a circular to all members of toe “ 

which he stated that from total of 11 600 members a sum 
of £636 lOs. in donations and subscriptions was received. 
This works out at an average for the : 

per member. Viewed in this way I tomk you will 
agree that it is an insignificant sum. 

V Institution is of toe order <if 
function centrifngally. and we can c^ toat it d^a 
Srge amount of work nnostentatio^y »‘5,T+^ds^ 
ti<m with other bodies for objecte to 
support. Let us not faU in kmdlmess to ^ose of our. 
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own members who have fallen on evil timp s, We have 
been criticiz^ as a body for our inability to advance 
the material interests of our members, and in spite of all 
modem tendencies we have, through sheer weight of 
toadition, resisted the temptation to become protective 
in jlwacter. If we are frank we must admit that under 
existing conditions this can be a handicap in individual 
cases but, in promoting the advancement of electrical 
engineering science, thV Institution does indirectly foster 
the interests of the electrical engineer. But that does 
not denote any question of the reality of its ethic of 
service ” implied in its constitution. 

It would be absurd to suppose that its members are 
not influenced by prevailing currents of feeling and 
ide^, and tliat it is sterilized of all forms of self-interest, 
so it does well to remember and preserve its best tradi¬ 
tions. Very rightly then does it cherish the memories 
and aim to do justice to the fame of men of exalted 
cliaracter and outstanding genius, such as Faraday, the 
founder of the science, and Kelvin, and foster genius 
from the romantic age of early discovery to the maturer 
period of practical application. 

Kelvin, tihe centenary of whose birth was recently 
celebrat^, was a man of extraordinary versatility who 
worked in the whole field of physical science, but is it 
too much to claim that his greatest contribution to the 
serince of mankind was through his work as an electrical 
engineer? In this connection one feels that it would 
have been fitting had the Kelvin Centenary been marked 
by a public celebration in every Centre, organized in 
the name of the Institution. I mention this, not by wav 
of retrospective criticism, because it is well known that 
in tte <^sh of other work and events with which the 
Institution was deeply engaged it was impossible to 
OTange for a more extensive celebration: the point 

^ of these men 

symbolize the underlying spirit of the Institution, and 
we should be mindful of this. 

T t “®**®*' of general agreement that the 

Inshtution should be better known amongst all thinirinp 
sectaons of the public, who. if they are aware of ill 
^ist^ce, merely regard it as a body responsible for 
keeping a register of qualified electrical engineers. We 
our^v^ ^e to forget the great work accomplished 
Institution m the past. It is no exaggeration to 

electrical Engineering 
Ihf .‘^“f fo°*’oe of inspiration to those engaged 
thmrem for a long period when lighting and power 
deyelopni^t was struggling against archaic legislation 
It would appear that the time is ripe for someone to 
wnte the^tory of the Institution of Electrical Enei- 
neCTS. There is a wealth of material waiting for sucha 
^lume, and what a gallery of portraits o/p^il 
the most fescinatmg period or discovery and invention 
m history would be contained within its pages ! 

Institution is richly endowed with 
possibihtaes of impressing its character on the minds of 
those who will take a leading part in the period of 
re<mn^ction which ultoately must follow this diflacult 
industrial rehabilitation, 
mthm ite confines are men in divers positions, 
and subordinate, engaged in administrative, manageriaf 
- and busings, as weU as technical affairs, all more or less 


in direct contact with industrial problems. It is to such 
as these, trained to methodical investigation, and, 
moreover, capable of practical judgment, that we should 
look for some contribution to their solution. Evolved 
through a century of discord and misunderstanding of 
fundamental causes, the problems cannot lie treated 
successfully by mere palliatives. The political atmo¬ 
sphere with which they have been surrounded hiust be 
removed and they must be dealt with on social and 
economic lines by those actually engaged in the indus¬ 
tries. It is a matter of practical rather than theoretical 
consideration. 

As an educational body, I believe it is within the scope 
of the Institution to take its part in this connection. 
Amongst the list of subjects that can be taken for tlie 
Associate Membership Examination is Works manage¬ 
ment,'* and I suggest that to this might be added 

Economics and industrial organization." A student 
destined to fill an important position in either tlie 
manufacturing side of the industrv would be 
infinitely better equipped for his future work and advance- 
nient if he possessed a knowledge of the design and 
objects of such machinery as exists for the adjustment 
of the differences and relationships between employers 
and employees. He should know something of the 
Imtory and development of trade association's from 
the Hanseatic League to the B.E.A.M.A., and also of the 
origin and history of trade unions. He would, when 
the time came to take a hand in these matters, be 
properly fitted for it. Such knowledge, so far from 
creating in him the perilous fervour'of the industrial 
propagandist. Would induce a wholesome interest in 
mdustrial affairs. 

I think it was IVIr. Wordingham who said that the 
Institution ramifies and is bound up with tlie electrical 
industry. It cannot, therefore, hold aloof from those 
problems of human organization which are the concern 
of and affect a large proportion of its members. To 
these let it, if it can, be a source of instruction gind guid¬ 
ance as undoubtedly it can be a source of inspiration. 

The sixth year following tlie close of the European 
war has been of unique interest to every sort of worker 
m the electrical industry. The coming into power of 
^e first Labour Government, the British Empire Exhibit 
Uon, the World Power Conference, the wages dispute 
in the electric^ industry—all these constitute a recital 
almost ^amatic in form, and the relative prosperity of 
^e electrical industry can at least give us one pleasurable 
th^ of self-satisfaction. The general outlook, however 
IS far from encouraging; trade depression jrsS-sists and 
unemployment remains an unsolved problem It is- 
now atoost universaUy accepted that these are tlie 
wars inevitable after-effects and must be endured. 

‘ of this the deplorable fact remains that our 

mdustnes have not settled down to a united effort to* 
get to grips with their diflaculties. Industrial peace still 
remai^ a dream apparently beyond realization, and no- 
indus^, prosperous or dying, can claim entire freedom * 
from the possibility of interruption by strike or lock-out. 
The maten^ism which possesses the national soul, and 

combination 

p atmg all classes of the community, are the? 



LAWSON: SOUTH MIDLAND CENTRE: CHAIRMAN'S ADDRESS. 


principal factors in a fierce movement towards fostering 
sectional rather than public interests. In the conflicts 
between trade unions and employers’ associations the 
evil effects of the movement gain their chief publicity. 
But an equally serious, if a less conspicuous, resultant, 
is the multiplicity of trade organizations that are too 
prone to extract from the community such rew^ds for 
services as accord with their own valuation. In 
• the Articles of Association of even the most predatory 
of societies, doubtless there will be found aims and 
objects of altruistic design. It is the suppression of the 
better part of their purpose that coMtitutes the leading 
modem error of many such societies. Self-intwest 
cannot be eliminated from human nature or from human 
institutions, but it can be directed to useful and 
beneficent ends. Indiscriminately exercised, it induces 
violent reactions and opposition and leads to recurring 
dislocations, in the adjustment of which the factor of 
satisfaction is a negligible quantity. One cannot help 
thinking that herein lies one of the greatest and most 

urgent problems of our day. ,, • i 

Another matter of grave concern is that eternal kink 
in the relationships between employers ^d employees 
which is still as pronounced as ever. It is the busmen 
and public duty of both to straighten this out. It 
originated with the introduction of tlie factory system 
and the inevitable estrangement between the two 
partners in production. The working class never forgave 
it and ii became a rooted memory which, in process of 
time, has developed into a collective attitude. It is a 
psychological phenomenon which, like political anti¬ 
pathies, tends to persist long after the fundamen^ 
causes have been removed. Those who wait for f±e 
demise of the capitalist system, as well as those who 
look to the time when the forces of labour will have l^n 
spent, are merely shirking the problem. The solution 
must be sought at the point of origin, namely, the factory 
or its equivalent. Many devices have been tried, tiom 
cold scientific management to sheer benevolen^. 
Doubtl^, Arcadian conditions of employment could be 
instituted by rate aid or subsidy on the benevolent plan, 
but this would not be the ant of a model employe, 
neither would it create the model employee. Of me 
recommendations in the Whitley Report, probably the 
most valuable was that for the formation of works 
committees fully representative of nitoagement and 
employees, for here was suggested a simple and practical 
meLs of getting down to the bed-rock of the problem. 
Their aim—^and this is what really matters is to e^b- 
lish goodwill between employer and employee. Perhaps 
I can express this better by saying that free discussion 
and frani'expression of the mind of both help to 
remove tiiose obstacles which create n^understandmg 
and intercept the natural flow of goodwill. 


Works committees can and do materially promote the 
comfort of the worker, and the benefits derived from 
them are cumulative and permanent. They should form 
an integral part of works organization ^d should be 
backed by all the administrative machinery to carry 
out their recommendations efficiently and promptly. 
The electrical industry has grown to a stature to* be 
counted amongst the great industries of the world, ^d 
it is certainly the most modem. IJis therefore demanded 
of it that it should aim at being the best organized indus¬ 
trially. The recent threat of a genial stoppage in the 
electric supply industry was a reminder that we have 
not yet reached security in this respect. It is a matt« 
of deep concern to every one of us, and the fact that it 
appears to be beyond our control does not reUeve us 
of the responsibility of giving thought to it. The fetish 
of collective action, and its narrow limitations to the 
securing of rewards for services, has resulted in a partial 
suppression of the sense of personal duty and resp^i- 
bility neglect of individual values and loss of faith in 
individual opinion. We axe all in danger of developing 
into the type of person who has been described as 
“knowing the price of everything and the value of 
nothing.” 

I have spoken of the prosperity of the electrical 
industry—-I think a better word would be “ advance¬ 
ment.” Advancement does not necessarily denote 
prosperity; it has always to be paid for, and the era 
of high wages and large profits can hardly be said to 
have arrived. The early half of the nineteenth century 
was, through the introduction of steam power, a period 
of enormous advancement in manufacturing, but it was 
anything but a prosperous one to the worker. Moreover, 
we are faced with severe competition, and competition 
always means cut prices from older interests. That 
this is becoming more intense is evident by the campaign 
in the Press, designed to single out and advertise the 
weak spots in our armour. We are aware that we have 
more fields to conquer and that we cannot alwajrs com¬ 
pote with raw and semi-raw fuels but, confident in the 
knowledge that our product in use is the most convenient, 
adaptable and healthful, and therefore the most scientific, 
we have nothing to fear. 

The question of the nationalization of the elecmc 
supply industry has recently appeared on the pohtical 
hortion. We are all familiar with nationalization in 
actual working, but at the present toe the question is 
confused with so many crude theories of own^mp, of 
the means of production and industrial control, 1ha.t it 
cannot be said that public opinion m ripe for leg^lation 
of this character. In any case no industry can be said 
to be ready for nationalization until it is prepared as a 
whole to accept all the obligations of national service. 
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By W. T. Maccall, Member. 

• “ITEMS OF INTEREST, AND INSTRUCTION." 

•(Abstiiact of Address delivered at Newcastle, 21th October, 1924.) 


(I). GENERAL. 

Election op Council. 

Owing to well-known objections to the former method 
of election of the Council of the Institution a new 
scheme is in operation, but it has its jdrawbacks. Mem¬ 
bers will be more reluctant than in the past to make 
independent nominations, as is evidenced by the fact 
that last session was the only one of the last five or 
more in which no such nomination was made. The 
apparent reasons are, first, that such nominations seem 
^ now more like a vote of censure on the Council, and, 
secondly, that the probability of tlie election of an 
independent candidate is smaller than before. The 
dangers are that election to the Council will be restricted 
to those members who are Imown to the Council, and 
that ordiuary members, having merely a formal part in 
the election, will lose interest in the composition of the 
Council. This will lead to dissatisfaction and possibly 
to loss ol membership. 

An improvement would be to retain the present 
method of nomination and to change the method of 
election to that of proportional representation by the 
single transferable vote. This would enable any section 
consisting of about one-sixth of the voters to secure the 
election of a particular member, and would ensure the 
fairest possible r^ult in any contested election. Further, 
it would increase the number of voters. At present many 
are deterred from voting because they do not know a 
sufficient number of the candidates. Under proportional 
representation the voter may limit the expression of his 
preferences to the candidates he knows well; and this 
neither wastes his vote nor gives him any advantage 
over a voter who expresses a wider choice. 

Those not acquainted with proportional representation 
may suppose that it is very complicated; but this is 
not the case. The method of counting the votes is 
certainly a little more complicated than the present 
system, but anyone can easily understand and carry 
out the counting after a quarter of an hour's instruction. 

Power Supply. 

A somewhat disquieting event of the past few months 
is that electrical power supply has become politically 
popular. This is to the good if it leads to more rapid 
development; but I trust that electrical power in 
reality, like foreign policy in theory, will remain outside 
party strife. Otherwise, electrical development will be 
retarded while politicians wrangle about some subject 
- ^which shouM be left to electrical engineers. 


Among events of particular interest to this Centre was 
the permission granted by the Electricity Commissioners 
to the Newcastle Electric Supply Co. to earth their 
system at several paints. This was done after tests 
by engineers of the Post Office and of the power com¬ 
pany in co-operation had sliown that no harmful efiects 
followed, provided that the earthed points were on the 
primary windings of transformers with delta-connected 
secondaries. 

The raising of the line pressure for underground 
networks from 22 kV to 33 kV is being tackled by 
British mains engineers with little guidance from outside 
sources.. The present methods of jointing appear 
scarcely adequate for the increased stress- It is evident 
that either now, or before the next rise in pressure is 
carried out, a radical improvement is essential in either 
the materials or the art of jointing. ^ 

The manufacture of the cables presents no special 
difficulty, nor is the pressure yet high enough to make 
intersheaths or similar schemes commercially advanta¬ 
geous ; but it cannot be far in the future before methods 
of this type will require very serious consideration. It 
is therefore very unfortunate that our knowledge as to 
the conditions determining the breakdown pressure of 
a cable is extremely uncertain. It would be easy to 
devise experiments which would throw considerable light 
on this obscure region at a cost which would be small in 
comparison with its importance. I suggest ‘Hiat the 
Institution should co-operate with the cable makers 
and set up a Committee on the lines of the Buried Cables 
Research Committee, to investigate the criterion deter¬ 
mining breakdown in high-pressure cables. The main 
points suggested for investigation are:— 

(i) Is the criterion of breakdown in cables 

{a) the maximum dielectric stress (voltage gradient) ; 

(b) the dielectric stress at a radius 0*368 {= 1/e) 

of the outer radius of the insulation; 

(c) the loss due to dielectric L3^teresis; 

{d) a combination of two of these; ^ 

(e) some other cause ? 

(ii) If the cause is found to be (e), or (e) above, do 
the methods of construction and laying of cables 
which assist the dissipation of heat increase the break¬ 
down voltage as well as the carrying capacity of the 
cables ? 

It can be shown mathematically, by making certain ' 
reasonable assumptions, that the dielectric-leakage loss 
on reaching a certain point will increase without limit 
and so must ^ause breakdown; and further that, 
whereas the heat conducti^ty of the dielectric largely 
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afEects this critical point, alteration in the facilities for 
dissipating heat outside the dielectric affect the critical 
point only indirectly, and probably to a very small 
degree. But the assumptions, however reasonable, are 
insufhcient as a basis for design until checked by experi¬ 
ment, as is shown by Preece’s so-called law for 
fuses, which is based on mathematicsl proof from 
reasonable assumptions, but is inaccurate in fact. And 
the alternative rule for fuses proved mathemati¬ 

cally by Dr. Alexander Russell, though closer^ to “^e 
facts in many cases, requires considerable modification 
to bring it into good accord. Mathematical reasoning, 
on the other hand, does provide a basis for experiments 
designed either to confirm or to confute the assumptions 
on which it is based. 

Has not the development of power supply arrived at 
the stage for the general use of the terms megawatt 
and the megawatt-hour ? Magnetic flux is some¬ 
times stated in megalines, and all axe familiar with 
the megohm; then surely it is better to speak of 
turbo-alternators as of 20 megawatts (or MW) than as 
of 20 000 kilowatts (or kW), and of a daily output as, 
say, 683 megawatt-hours (MWh),rather than as 683 000 
kilowatt-hours (kWh). Apart from the saving of time 
and space, there is a further advantage in the fact that 
it lessens the temptation of stating the latter quantity 
as, say, 683 172 kWh, although anyone at all famiUax 
with metering knows that the last three figures are 
meanmgless. 

Ex:-Enemy Candidates for Membership. 

Another suggestion—about the present reception of 
which I have greater doubts, though not as to its 
ultimate consideration—^is that the time has arnved for 
the withdrawal of the prohibition of membership of the 
Institution in the case of all citizens of ex-enemy states. 

I do not suggest that all such should be admitted on 
their electrical engineering qualifications without any 
regard to their nationality, but that it should be within 
the &cretion of the CouncU to recommend them for 
election in suitable cases. In favour of i^s step I ur^ 
that" one cannot indict a nation,'' and however strongly 
one holds that some Germans, Austrians, Bulgarians or 
Turks were guilty of the terrible suffmng and loss due 
to the war, it is un-English to penalize all members of 
those nations for all time. In this connection, it is 
relevant to point out that many who were citizens of 
the ex-enemy nations axe no longer so, owing to changes 
in the frontiers. Of two electrical engineers livmg a 
few mUes apart and of exactly similar antecedents one 
may owing to a frontier intervening, be eligible for 
membership and the other ineUgible under the present 
rule. 

Tariff Dependent on Power Factor. 

Am6 proposed a tariff for the encouragement of 
high power factors by charging on the complex load " 
(defined as two-thirds of the kilowatt-hours plus one- 
’ third of the Irilovolt-ampere-hours). By adjustment of 
the phase difference in an energy meter this ' complex 
load " can be measured with reasonable accuracy over 
a fair range of power factors. My suggestion is that 
this method be used,*Ri»ce it requiles no addition to 


the usual meters, but that the term^ “ complex load " be^ 
omitted in the statement of the- •^ariff. It would still* 
have its use in deciding on the phase difference. The 
tariff could then be stated as in the following example 

Charge at a power factor of 0 • 7 to be n pence per kWh. 

Bonus for power factor of 0* 8 to be 4 per cent. 

Bonus for power factor of 0* 9 to be 9 per cent. • 

Bonus for power factor of unity to be 16 per cent. 

Penalty for power factor of 0#6 to be 6 per cent. 

Penalty for power factor of 0 ■ 6 to be 11 per cent. 

All these bonuses and penalties would require no calcula¬ 
tion beyond multipl 3 ring the reading by n pence, the 
meter automatically changing its registration according 
to the power factor. The values of the percentages 
could be altered by changing the phase difference in the 
meter. The standard power factor at which the meter 
registers true kilowatt-hours could be altered by changing 
its gearing. The* testing of tlie meters would be rather 
more difficult than with the standard pattern, but not 
seriously so. 

The main obstacle appears to be the doubt as to the 
legality of basing charges on the reading of a meter of 
this type. The Electricity (Supply) Act of 1922, how-^ 
ever, enables supply authorities to apply for sanctioiT 
to be given to other methods of diarging than those 
now allowed. 

(II). INSTRUCTION. 


Definitions. 

This section might be termed Education,' but 
'‘Instruction" has been preferred as being wider in 
gOTpfift 'V 73 ,ys though naiTOWcr in otiiers. The Education 
Committee of the British Electrical and Affied Manufac¬ 
turers' Association in their Report published in 1920 
define “education" as “individual development 
through intellectual, moral, and physical instruction," 
and say that “ the word ‘ training' is Hmited in sense 
strictly to practical instruction in the shops." ^ Instruc¬ 
tion " therefore covers both education and training. 

It is of some importance to define the terms used. 
The word “ training " is used in a wider sense than the 
B E A.M.A. Committee's definition ; in fact it covers 
even more than “ instruction," by the inclusion of such 
things as the parts of collegiate life outside defimte 
instruction. If I do not adhere to the meaning stated, 
I shall err in good company. For in the B.E.A.M.A. 
Report two lines below the definition of “ training 
this word is used in its wider, more general, sense. 

The diversity of the methods of instruction in actual 
operation is due in a large measure to the diverse reaulte 
desired in the finished product. The B.E,A.M.A. 
Committee's Report divides apprentices into four 
classes, viz.:— 

(a) Trade apprentices, who will become skilled work¬ 

men, foremen, etc.; . j. j.u 

(b) Engineering apprentices, who are trained for the 

drawing office, test-room, etc. j ^ ^ 

(d) Student apprentices, who are trained for semor 
positions in the drawing office, etc.; and 
{d) Research apprentices. 
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These deiSmtions should be borne in mind in connection 
^ with quotations froii this Report, which is a very valu¬ 
able piece of work, but would have been even more so 
if the Committee had included a full-time technical 
(as distinct from university) teacher. 

Preliminary Training. 

Up to about 11 years old the choice lies between the 
(public) elementary sctiool and a private school. I 
consider that for engineerj the greater advantages are 
with the former. These consist in making the acquain¬ 
tance of boys of a great variety of types, and in the 
(usually) more efficient ** instruction ; while those of 
the private school are the socially higher class of the 
boys, and the (doubtfully) better ‘‘ education/' There 
is much to be said for the general Scotch and American 
practice of common elementary schools for all classes. 


received a college training, the figures for England 
being:— 


Year 

Men 

Women 

Total 

1913-14 

Per cent 

74 

Per cent 

54 

Percent 

1919-20 

76j 

62 

66 

1921-22 

78 

66j 

69 


At the age of about 11 years the majority of the private 
school pupils will pass to a secondary school (see Fig. 1). 
This will also receive pupils from the elementary school, 
some by means of scholarships (known as "free places "), 
others paying tlie ordinary fees. The bulk of the 
elementary school pupils will continue therein until 
14 years of age or a little over. 


Years 

OE 

Aoe 


10 

11 

12 

15 

1-1- 

15 - 

16 - 
17 - 
18 

19 - 

20 - 
31 - 
33 - 
33 



Private 

School 


SecondaryI 

School 


Public 

E L E M E N TARY 
School 


r 


Technical 

College 

AND 

WbRR$ 
feeeEig.^ 




Test Bed, 
lwinq OpFiriJ 
|ESTIMATnfGl)EP?| 
Etc 


^JOTmNEYIIEN,CHAECffiH^ 

Toremen, Etc. 


Evening classes ^ownthus 


Fig. 1. 


As regards trade apprentices, the following quotation 
from the B.F.A.M.A. Report gives the main point; 
others occur incidentally. " The general educa.tion of 
trade apprentices should consist in an equilibrium 
between intellectual studies and practical activities 
(including organized games) so arranged as to encourage 
the growth of civic and social ideals. It should not be 
specialized with respect to practical studies, trades or 
hobbies, but should be directed towards the develop¬ 
ment of human beings of character and intelligence. 
In choosing subjects . . . those might be selected which 
will enable a sound foundation to be laid for subsequent 
vocational training." 

The Report refers also to the insufficient training of 
teachers. This is being gradually improved, the per¬ 
centage of certificated teachers out of the total of about 
160 000 in public elementary schools in England having 
increased from 68 per cent in 1913-14 to 71 per cent in 
1919-20, and to 72 J per cent in 1921-2. Moreover, an 
mcreasing percentage of these certificated teachers has 


Fig. 1 does not. attempt to show the percentage 
taking secondary education, but the following figures 
for all boys will give a probable percentage for budding 
electrical engineers. In 1922, in England, there were 
643 149 boys betw^een the ages of 12 and 14 in elementary 
schools, and about 129 000 between the ages of 12 and 
16 in secondary schools. There was therefore about 
11 per cent of the total in secondary schools. Of those 
leaving the elementary school at 14 year^^>f age 
most will start their trade apprenticeship at once 
or after a period as errand boys, etc. Their other 
source of training will be in evening and correspondence 
classes. A few will have a longer schooling* through 
transferring at about the age of 12 to a junior technical 
school, and still fewer by entering a secondary school. 

There are great differences of opinion as to what the * 
work of the junior technical school should be, and also 
large differences in the actual work of existing schools. 
For the moment it is sufficient to say that a junior 
technical school is^not a tradopsdhool, and is something 
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between that and a secondaty school with a technical 
bias. 

The junior technical school course lasts two or tliree 
years. On its conclusion the majority of pupils will 
become apprenticed and complete tlieir training in 
evening jplasses. The expectation (wliich is confirmed 
by experience) is that the pupils of the school will, 
before the end of apprenticeship, usually outstrip those 
from elementary schools. The former will thus qualify 
for positions requiring greater technical knowledge or 
entailing more responsibility. The best of the junior 
technical school pupils should be able to obtain and to 
profit by training of a higher type. 

Nearly all the secondary school pupils take some form 
of higher training, but a few become apprentices and 
receive only evening-class instruction. On the other 
hand, a few of those apprenticed soon after leaving an 
elementary school will succeed later in obtaining higher 
training inclusive of day classes. 

These various courses are indicated by the arrows in 


say: ' It is becoming increasingly customary for boys 

to have a year’s experience of a suitable training course 
in a Works before proceeding to a university. This 
enables each boy to find out where his interests lie, and 
it establishes a connection between the youth and the 
Works which may subsequently be mutually advan¬ 
tageous, After such a period the college cour^ is 
followed much more intelligently.’* 

The sandwich systems also huve three subdivisions 
[see Fig. 2 II {a), (6), (c)] according as the length of the 
continuous period of academic^nstruction is :— 

(fl) a 3 ^ear ; (&) five or six months ; {c) a few hours. 

(a) This is the Faraday House scheme, a four years’ 
course with the first and third years in works, and the 
second and fourth years at college. The students have 
usually stayed longer at school so as to cover the mathe¬ 
matics, physics, etc., of the more usual courses. 

(b) In this there is a preliminary yeox or more in 
works, followed by four (sometimes less) years of which 


Years 

or 

Age 




(a) (h) (e) 

I. Non-sandwich courses 
Fig. 2.—Courses of technical instruction. T 



= technical college; W“ works. 



Fig. 1. There are, however, two main streams, viz.:— 

(а) Elementary school followed by (trade) apprentice¬ 
ship accompanied by evening classes ; 

(б) Secondary school followed by technical training, 
at least partially in day classes. 

Higher Training. 

Methods of day-class training may be divided into 
two main* ^oups :— 

(I) Those in which the whole of the academic instruc¬ 
tion is given continuously (apart from vacations), the 
course covering three years normally; 

(II) " Sandwich ” systems, in which the academic 
and workshop parts of the instruction occur alternately. 

Fig. 2,1 (a), (6), {c), shows the subdivisions of group I 
according to when iiie three years’* academic course is 
taken. I((?) combines most of the advantages of the 
other two, and so is superior to either of them. This 
opinion was supported by the Instiijition of Civil 
Engineers and by the bTe.?V.M.A. Committee. They 


part is spent at college, tlie rest in works. Examples 
are the Sunderland Technical College with four 6-month 
periods (October to March); Rutherford College, New- 
castle-upon-T 5 me, with three or four 5-month periods; 
Sheffield University, with 2-year and 3-year courses; 
and for railway engineers, Darlington Technical College 
(5 months); and for mining engineers, Treforest School 
of Mines (0 months). 

(c) In this from 3 hours to 12 hours (normally 8 hours) 
per week are spent in day classes, combined wi^ evening 
classes on two or three evenings a week. This type of 
course is often carried out in works schools, but also m 
technical schools, e.g. the Woolwich Arsenal Trade 
Lads scheme. It is usually of the trade-apprenticeship 
type, i.e. a modified evening course rather than a 
sandwich day-course. 

Another course which may be considered to belong to 
this group is that in which the college supplies all the 
practical instruction, as well as the technical part, and 
possesses workshops. run on commercial lines. This 
system is attiactive at first sight but has inany draw- 
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. backs, e.g. the difiicailty of keeping equipment up-to-date 
and the working really commercial; and the natural 
objection of the owners of works to the subsidized 
competition of the college* 

The advantages of the sandwich system are tliat the 
alternation of the two types of training increases the 
valiRe of each of them. The workshop training makes 
the college work more interesting to average students. 
On the other hand tj^e college instruction shows the 
reasons for many workshop practices. The disadvan¬ 
tages for the students lie kj the tendency to attempt too 
much in the time available. The best length for these 
periods depends partly on the capacity of the students, 
partly on the rapidity with which they can adapt 
themselves to the changes in the type of instruction 
(college and workshop), and partly on the suitability 
of the periods for the workshop organization. As far 
as the first two are concerned, my preference is for 
t37pe II (6). 

Just as t^ere is excessive leakage in a transformer 
if the windings are not sandwiched, so there is a loss 
of benefit in a course in which the whole of the college 
instruction is concentrated into three successive years. 
Sandwiching diminishes magnetic leakage, and similarly 
toproves the course of instruction by making closer the 
interaction between the academic and workshop portions 
(I refrain from particularizing as to which of these two 
corresponds to the ‘'primary"" and which to the 
‘ secondary "" of the transformer). Again, the greater 
the extent of the sandwiching the greater the reduction 
of magnetic leakage, but if tliis is carried too far there 
is excessive loss of winding space and increase of cost 
due to the additional insulation needed. This corre¬ 
sponds to the loss occurring in courses of instruction in 
which sandwiching is carried too far, due to the time 
needed for adaptation when changing from one type to 
the other (college to workshop and vice versa). Whether 
six months is the optimum length for college periods is 
a matter of opinion, but I have little doubt that it is 
close to the best value. 

That technical teachers are in favour of the sandwich 
system is shown by the unanimous passing at the 1924 
Annual Conference of the Association of Teachers in 
Technical Institutions of the following resolution: 
“ That this Conference, considering the need for extended 
technical training in the development of industrial 
processes, desires to express its <y)nviction that immediate 
steps should be taken to develop and extend sandwich 
systems of training for boys preparing for industrial 
careers, and urges local education authorities and 
IndusWal Organizations to co-operate in providing the 
facihties required for joint technical and industrial 
training."" 

Curriculum. 

Early training is almost necessarily general, specializa¬ 
tion amounting only to the difference between the 
classical and “ modern " sides of a pubUc school. Even 
when greater specialization is possible it would not be 
de^able to make the training of engineers different 
from that of non-engineers at this stage. 

The case of Oundle School is not really an exception 
to this statement. In its equipment are included metal 


and wood workshops, an engineering laboratory with 
gas, oil and steam engines and a turbine, pattern-makers* 
shop, forge, foundry, and a metallurgical laboratory. 
It contains, howevei, in addition a biological laboratory, 
two farms, one purely experimental of over 30 acres, 
the other of about 100 acres, and gardens, and also the 
usual laboratories. This equipment was not ^obtained 
for the purpose of producing skilled engineers or biologists 
or farmers, but td give each boy the fullest opportunity 
for development. 

A very brief summary (largely in his own words) 
follows of the aims of F. W. Sanderson who established 
Oundle in its present form. 

Boys at about 15 begin science with an informal, 
mainly experimental, course to learn “ to do things 
and to take pleasure in this."" First, applied mechanics : 
later, chemistry, biology, or geology. Next year, pure 
physics and mechanics are introduced similarly, and 
then a more regular course of applied science. In heat 
the steam and gas engines form the basis of instruction. 

In the workshops Sanderson insisted that boys come 
to school “ not to learn but to do.** They were to be 
“ the home of creativeness."* Their primary object was 
to give the boys the opportunity to do constructive 
work for the community, not exercises devised for 
instruction. The operations inculcate accuracy and 
attention, in place of teaching these by courses of 
practical measurement. The workshops and laboratories 
are open to the boys out of school hours. 

Applied science is complex and apparently di£B.cult, 
yet it has romance and mystery which appeal to youth."" 

^ Moreover, “it is in direct contact with the ordinary 
life of the day.*" Again, “ Science teaching must be 
alive, changing, moving forward. It should not have 
about it the atmosphere of certainty and finality."" 

And in his last lecture, at the end of which he died 
suddenly: “ It is not difficult to see that a modern 
school is not created by abandoning ancient studies. 
Far from it. Nor by converting it into a technical 
school. If these alone are the changes made,'" the soil 
will remain much as it was. ... A modern school is a 
school in which the spirit which we call the spirit of 
science p^eates and changes all its methods, aims, 
and relative values. Such a school will endeavour to 
make the fullest use of all branches of knowledge and of 
all the faculties of all its members. It will have 
constantly in mind the welfare and development of all 
its workers; and its aim will be 'to do service for the 
community. 

“ The school will therefore have ... a wealth of 
plant, apparatus, and opportunities for community 
work. . , . The usual school studies are realTy^the tools, 
and class-rooms the tool-making shops, all directed 
towards the main purpose of the creative factory. It 
will soon be evident that methods of teaching are of 
very slight importance compared with the overwhelming 
urge to create and to do service and to master the 
necessary tools and their use. . . . We must send out 
workers imbued with the determination to seek and ' 
investigate truth—^truth that will make tliem free— 
and to take great care that in the search for truth they 
will never taj:e part in or S3rmpathize with those 
methods by which the edg« of truth is blunted."' 
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There is the ideal; but let us consider the present 

state of things. . . 

Most students entering an electrical engineermg 
course from secondary schools have had an education 
including (i) a general English course; (ii) Latin, arid 
possiblysi some Greek; (iii) French or German, possibly 
both; (iv) mathematics; (v) mechanic; (vi) g^metn- 
cal drawing, and somethnes engineering drawing, but 
not design; (vii) chemistry; (viii) physics; (ix) matiual 
training, usually woodwork ; (x) physical traimng, 

including organized games. . v -i. 

The above is a bare skeleton on which may be bvult 
courses differing as widely as the members of the hum^ 
race. Similarly the actual courses in British schools, 
though they have some family likeness, differ somewhat 
as the varied members of the British race. ^ This varia¬ 
tion lies partly in the relative amounts of time given to 
the different subjects, and partly in the spirit and 
standpoint of their treatment. 

The B.E.A.M.A. Committee’s recommendation on this 
point for engineering apprentices is merely " that bo^ 
who propose to enter the engineering industry should 
give special attention to the study of mathematics and 
science.” This wiU be provided by any second^ 
school, and does not require a spedlically engine^g 
.type of instruction; as is emphasized by the Committee 
in saying " Education obtained in those schools providmg 
an engineering side cannot be accepted in lieu either of 
the practical training of the works or of higher techmeal 
traiiiing.” And later, " The best foundation for my 
grade of industrial life is sound general education, 
entirely free from specialization in any form. 

There will be no difference of opinioii as to many of 
the subjects to be included in day courses, though there 
may be as to the amount of time to be given to th^. 
These include (a) mathematics; (b) engineering drawmg 
and design; (c) applied mechanics, merging into strength 
of materials, and structures; (d) physics, rnmgmg mto 
electrical engineering, witli the possible addition of heat 
engines; (e) chemistry, with an engineering bias. 

These subjects with laboratory work occur m all 
electrical engineering courses, but the time given to 
them varies larply. Taking tliree B.Sc. courses at 
random the relative times are:— 

Group. 

Mathematics and mechanics 
Mechanical engineering 
Electrical engineering . - 

Physics. 

Chemistry 
Langurs 

The figures are not percentages but total 90 for each 
course, corresponding to three sessions with 30 hours 

work per week. . 

It would be easy to draw up a complete course mclud- 
ing nothing but the subjects (a) to («), which would 
give a reasonably varied training. Actual courses, 

■ however, include other subjects, e.g. hydrauUcs, Germam, 
estimating (or other commerciaJ subject), rndusb^ 
management, etc. Everyone agrees that a knowledge 
of fi^'*"** other subjects is useful; but the followmg 
facts must be considered 


Course A. 

Course B. 

Course C. 

18j 

23 

27i 

20J 

20 

26 

30 

31 

24 

9 

61 

H 

5 

91 

8 

7 

nil 

n 


(1) Instruction, including labctmtory and drawing • 
classes, lasts for about 30 hours a week for three or 
four years. 

(2) Electrical engineering alone, apart from design, 
is really several subjects, not one. 

(3) Students are human. , ^ 

What can be done to overcome these obstacles to tne ^ 

inclusion of additional subjects ? 

(1) (a) " Increase the hours #er week. This wouW 
be worse than the m which it attempts to cure. Students 
reading for the Cambridge •Mathemaiical Tnpos say 
” Five + one = six; but six f one = five ; 
more ihan six hours per day can be employed usefuUy 
in study. In an engineering course with its greatm: 
variety owing to laboratory work, etc., tlim allowance 
may be increased, but the same principle hoMs. 

ib) ” Increase the number of years in the course. 
More can be said in favour of this, but a longw course 
would increase the number, debarred from a fuE-time 
course by lack of means. This can be nufrgated ^ 
scholarships and by reducing the length of the works 
training. If this is organized with the aim of gmng 
real training rather ihan of obtaining cheap labour, 
if the student is keen to profit by his opportunities, 
reduction can be made without losing the value of the 
works training. The B.E.A.M.A. Report recommends 
the reduction of this to two years for student appren- 

tices who are graduates. _ 

{c\ " Cut down the time given to some of the pr^nt 
subjects.” The usual complaint is that the present time 
available is insufficient for thorough treatment, and 
many consider that it would be better to concenteate 
on a smaller number of subjects. In some c^es tune 
for extra subjects could be obtained by aEowuig a 
greater variety of choice in the last year of ihe course, 
^is must entail increased expense, which the r^ult 
may not justify. It is perhaps worth pomtang out that 
in any reasonable course of design considerable refer^ce 
to ccMts will be ineduded, and this may be amplified 

instead of attempting separate classes in costing. 

Some of those who recommend these extra sub]ecte 
are ti^telring too racclusively, it seems to me, of their 
own particular branch, and not of elefctrioal engmeei^g 
as a whole. I am not saying that any or all of the 
above subjects should be excluded, but merely 
pointing out that their inedusion must be paid for, ancl 
W as iu most engineering problems, it is a q«esta.m of 
so balancing advantages as to arrive at thebest solutaon. 

Mr Dempster Smith, Head of toe Department of 
Industrial Administration in the Manchesta School 
of Technology, said (1924): ” A careful examination of 
the course of study usually provided in technical 
of university standing leads to the conclu^on that 
nothing can be cut out witoout defractog frtm toe 
traimng.” And he suggests an addifronal year for a 
liberal introduction to tois most interesting sitoject 
(viz. industrial administration) which toe s^ent can 
develop while receiving his practical trar^g. 

The second obstacle, viz. toe multiphcity of ^ 
branches of dectrical engineering, “^oduc^ simito 
considerations. It can be dealt mto partially by 
increased specialization. But a student by no me^ 
alwavs knows into what branch he will gg: and whqn 
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•he thinks he kno\fs,. the future often falsifies his 
expectations. 

The third obstacle, that students are human, could 
be overcome by replacing them by Robots. But these 
would not require any education, so this possibility 
need not be considered. On the contrary, I endorse 
,strongly the statement of .the B.E.A,M.A. Report that 
“It is desirable that all engineering students . , . 
should enter into the fuUlcollegiate life, as the experience 
thereby gained is of real advantage in an industrial 
career." • 

Suggestions for Improvement. 

Education up to 12 years old appears to be developing 
on sound lines; but from 12 to 15 years of age there 
seems to be need for a great extension of junior technical 
schools. In 1921-2 there were in England only 86 of 
these, with a total attendance of 10 302 boys; and 
only 34 schools had 3-year courses. Their work is 
supplemented hy “ central schools,*’ which, however, are 
merely elementary schools confined to the higher classes 
and are not technical. 

Most of the 2-year junior technical school courses 
^ should be extended to 3 years, and these might be 
continued longer, up to 16 years old. Alternatively, 
the year 15-16 might be a part-time course so as to 
make less abrupt the transition from school to works. 
The junior technical schools should be allowed to have 
courses suitable for boys preparing for matriculation. 
Even when a secondary school exists in the same district, 
most elementary scholars will be unable to attend it 
unless they win scholarships when 12 years old. Those 
who develop late ought to be given in the third year of 


tlieir junior technical school course another opportunity 
I of obtaining higher education. 

The chief defect in secondary education also seems 
to be that there is inadequate provision for the numbers 
who desire it and would profit tliereby. 

The main principle of these suggestions is to increase 
the lateral fluidity indicated by the arrows in Rig. 1. 
To quote the B.E.A.M.A. Report again, “ Greater 
facilities must be afforded for selecting and training that 
limited percentage which will be engaged in directing 
the work of others, or in prosecuting work of a highly 
technical character. The ability to carry out such 
work is not confined to one section of the population." 

Anything wliich widens the area of choice is good, 
e.g. (a) increased provision of secondary education and 
of “ free places," supplemented by maintenance allow¬ 
ances ; and (6) further scholarships to higher teclmical 
institutions from secondary and from junior technical 
schools, the latter being contingent on the suggested 
permission to junior technical schools to give matricula¬ 
tion work. 

These may be summed up as “ more, and more varied 
scholarships (including maintenance) at every stage, 
culminating in research scholarships "; but with the 
corollary “ greater precautions to prevent the waste of 
costly instruction on unsuitable students," 

For the workshop training is needed a further exten¬ 
sion of the practice of many manufacturers in affording 
suitable courses in works, including in this the extension 
of tlie sandwich system. Even if the pro\dsions of the 
Education Act (1918) for courses of type II (c) is brought 
into general operation, the need will still exist for more 
sandwich courses of the higher type. 
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By A. M. Baton, B.A., B.Sc., Member. 

“THE PROFESSIONAL STATUS OF THE ENGINEER.’’ 

(Abstract of Address delivered at Middlesbrough, l^ih November 1924.^ 


On such an occasion as this, it is the custom for 
your Chairman to dehver a short address on a matter 
or matters of general interest, without dipping too 
deeply into technical matters. New developments on 
Tees-side, with which I am principally concerned, do 
not, I regret to say, constitute a promising subject 
for an address. Bad times are responsible for the 
holding-up of a considerable amount of projected new 
work. Directors and managers are occupied with the 
problem of keeping their existing plants loaded, and 
have postponed contemplated extensions until better 
times arnye. Lest, however, we may be inclined to 
talce too short a view of the present position, I may 


be excused for mentioning some encouraging W'ords 
spoken by an eminent man of this district at atoction 
at which I happened to be present. They were to this 
effect: “The best thing that manufacturers on Tees- 
side can do under present conditions is to keep their 
heads: the natural advantages of Tees-side must tell 
in the long run." We all hope that it may be true. 

In the circumstances, I propose to say a few words 
on a subject which affects each one of us, and which 
is particularly in our minds at the present time, namely, 
the professional status of the engineer in Great 
Britain. ^ 

As a preface to my reim&ks, I would put the fol- 
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lowing words, wliich I camo across rccenldy in an 
American technical journal:— 

" It is difficult to appreciate the cycle through which 
• engineering has passed in the last two decades. 
Twenty years ago it was a profession more or less 
mysterious to the general public. Its work was 
largely in their minds with the building 
of bridges and viaducts. Its members were not 
known professionally to the average citizen. The 
functions of the mechanical engineer could not be 
described by tiie avemge man. The combustion 
engineer was unknown. The electrical engineer 
was an inventor, the most renowned amongst 
them being termed a wizard. To-day the m^ 
of this calling present as a whole the most definite 
profession in public life. They are r^ognized as 
tlie men in whose hands the material advance¬ 
ment of the race rests. They liavc gained a lading, 
if not the leading, place in the list of professions.” 

The last part of this extract is the part which to me 
is the most striking. If it truly represents the status 
of the professional engineer in America, as I believe 
it does, I think that wc must recognize that engineera 
are more honoured tliere tlian they are in this 
country. Later, I shall have a few words to say as to 
their actual status. 

I propose now to examine briefly the status of the 
ongiTKwr in this country, to contrast it with the status 
in America and Canada, and to offer some reasons for 
that status and also some suggestions for helping to 
raise it to the status which I maintain it ought to 
occupy. By way of introduction to the subject, we 
may first consider the meaning of the word “engi¬ 
neer.” The word was originally a military term, like 
" charioteer,” “ musketeer,” etc., and denoted one 
who managed military engines or artillery. Later it 
has come to denote one who manages or has to do 
witli tile construction or use of engines or machinery, 
or a person skilled in the practice of engineermg, that 
is, the construction or use of engines or machinery, or 
the art of executing such works as are the objects of 
civil and military architecture, in which machinery is 

extensively employed. _ 

It appears, then, that the title ' engmeer has 
always denoted a person with superior knowledge or 
skill, primarily in military works, but latterly also in 
civil—in contrast to military—worte. We electn^ 
engineers are concerned with the civil side of engineering 
only, hence all my remarks this evening arc confined 
to civil-S-4n contrast to military—engineering. 

The original and classic definition of a civil engineer 
occurs in tlie Royal Charter of Incorporation of the 
Institution of Civil Engineers, granted in 1828, that 
institution being tiie first and only profrasional engi¬ 
neering institution in existence at that time. As the 
fi»finifion may not be famiHar to some of you, it is 
tvorth noting ..." the profession of a civil engineer, 
being the art of directing the great sources of power in 
nature for the use and convenience of ma,n.” It is 
curious that this definition might have been framed 
for the electrical engineerw-then of course undreamed 
of_so aptly dpes it describe his present functions. 


Notwithstanding the enormous development in engi¬ 
neermg which has taken place during the last h^- 
centiiry, and the corresponding increase in scientific 
knowledge which the engineer has had to acquire ^ 
part of his equipment for his profession, the title 
“ engineer ” has in this country never become a tram 
of art in the legal sense; that is to say, any person « 
may describe himself as, or p^tise as, an engineer 
whatever his qualifications or experience. It is the^ 
fore not surprising that the 1jtle is of no repute in this 
country. [Mr. Paton read a few cuttings from recent 
newspapers in order to illustrate the current abuse of 

the title “ engineer.”] . 

■ We may weU, ask ourselves whether there is not 
something amiss in a community which classes men, 
obviously of the worst type, as members of the same 
profession as omrselves and others who have spen 
years in acquiring the necessary knowledge and ex^n- 
ence. There can be only one answer to that quration. 
The next question tiien follows: How long is the 
community going to allow such a state of things to 
continue ? I hold, and it is the object of my remarks 
this evening to show, that we engineers m the ^e ^ 
sense of the word must not be content untfl *e title 
"engineer,” or at any rate some simple modification 
such as “ registered engineer ” or “ professional engi¬ 
neer,” is so established by law that the community 
will regard it in the same way as they now regwd the 
titles " registered medical practitioner,” “ sohcitor. 

Next let us see what has been done in the desired 
direction. On the broadest lines which I have sug¬ 
gested as being desirable I do not know of ^ythtag 
having been even attempted, and it is only smee e 
war that less ambitious attempts have been 
These have succeeded as far as they have gon<^ The 
first steps of the kind were taken in 1919 by me 
Institution of Civfl Engineers, who proposed to in^<^ 
duce a Bill in Parliament reserving the title civu 
engineer ” to its corporate members and others cou^g 
wiW the scope of that title as defined in the chartera 
of the Institution, and interpreted m their ^road^ 
sense, tinder that Bill aU "civil engineers would 
have been registered, and only those so roistered 
would have been entitled to describe memselvM as 
" dvil engineers.” The objects of the Bill were, how¬ 
ever, found to be unattainable, largely, I beheve, to 
the title " civil engineer ” being so broad m to afi^t 
other Institutions who considered themselves inade¬ 
quately provided for. The Bill was Itierefore not 
proceeded with. In 1922 the same Institution obtamed 
its second supplementary Ro3ral Charto, leadmg to 
the establishment of the title " chartered ayil en^eer 
for its corporate members in 1923. Smugly om 
Institution obtained its Royal Charter m 1921, Jmd 
the similar title “ chartered electrical engmeer. As i 
understand the wording of the bye-laws governing 
the use of these titles, the title mvst in every case 
preceded by a designation of the class m the 
tion to which the user belongs. In other 
not in order to use the tide 

engineer ” without the prccedmg let^ M.I.E.K « . 
A.M.I.E.E., as the case may be. These somewha 
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cumbrous titles then may be taken to indicate the 
pr^ent diflSculty of establishing such simpler titles as 
civil engineer ” or " electrical engineer.” So far as I 
^ aware, these are the only steps of the kind which 
have been taken in this country. 

The Institution of Mechanical Engineers has not yet 
proceeded on similar lines, because it is of opinion 
that the principal advantage of a Charter is one of 
sentiment, and is balanced by the cost and the diffi¬ 
culty that arises if vaxig-tion of the constitution or 
bye-laws should be required. This view appears to 
support my own, that although the recent achieve¬ 
ments constitute a big advance in the right direction 
they are not to be regarded as final. 

Next it is interesting to compare the legal status of 
cheered engineers (in which term I include chartered 
civil engineers and chartered electrical engineers for 
snnphcity) with that of the members of other profes- 
sions. These professions which are at aU comparable 
TOth our o^ appear to me to faU into two classes. 
The first of these mcludes the older professions, of 
which the medical practitioner and the soUdtor are 
^ t^i^; and the second the newer professions, of 
which I regard chartered patent agents, architects and 
surveyors, accountants and secretaries as typical 
Acts of Parliament provide for the control of the 
« registration of aU persons 

the solicitor has to 
provide him^ annually with a certificate entitling 
^ to practise. These Acts provide fines in the case 
of aay persm falsely^ pretending to be qualified or 
metered. Thus falsely to pretend is therefore a 
^mM offence which can immediately be stopped. 

Registered medical practitioner Ly 
recover by legal process any fees, 
^ hold ^ official appointment, nor sign any certifi¬ 
cate required by Act of Parliament. To all intents 
^d purples, therefore, registration is necessary for the 
purpose of practice. 

Chartered engineers are of course not regulated by 

^Sr°Lv“^«r“*’ advantagi 

f^ to the recovery of 

f^, the holRg of official appointments, or on any 

other matenal pomt. Further, it would appear that ff 

' \ ^ ^ “Ot a criminal 

S^ntlJ ha w ' 1^"/“®iit«tion concerned would 

“ injunction in restraint 

, complicated process in comparison 

relative necessity for the 
leg^ establishment of the medical and the enf rinaat-f Tip- 
professions, it might be argued that the medicals the 
more necess^ of the two because the work of a medical 
man may often affect the life of his patient This is 
a vary sRng axpment. To meet it I could only 
Rgest that_ a mistake on the part of the chartered 

consequencS^^ 

^an that of the medical man. The fonn#»r 
involve Uie loss of many lives—take, for instance^ a 
Rngly designed flywheel or bridge-wh^SS ke 


latter as a rule inyolves only one life. On the whole, 
there is no getting away from the fact that medical 
registration is a yery necessary procedure for the 
protection of the public. 

The case of the solicitor differs from that of the 
medical man and the engineer in that the practice of 
his profession does not inyolve any danger to life 
On cRdering the arguments, I have not beeh able 
to find one leRng to the conclusion that the registration 
of Rdtors is more necessary than that of chartered 
engmeers. 

Since registration is a necessary procedure in the 
conrtol of a profession by Act of Parliament, I may 
p^haps explain the mechanism of medical registration, 
ij is in the hands of the General Council of Medical 
^ucation ^d Registration established by Act of 
PaRment in 1868 in order to secure a miniTmim 
umfoOT standard of qualification amongst medical 
practitioners trained at different places. It consists 
of representatives elected by the training bodies, the 
Crown and the medical profession. Any person posses¬ 
sing the necessary qualifications is entitled to be 
registered by the Council on payment of the prescribed 
fee. Once a the Registrar of the Council is 

required to publish a list of the names on the Register 
as those entitled to practise. The Counefi deals with 
all cases affecting professional conduct. 

We chartered engineers must recognize that the 
measures which I have outlined have been singularly 
successful in the ca^ of the medical profession, and 
pnncipal factor in guiding that profession into the 
high position of efficiency and esteem which it now 
occupies. 

Apart from the advantages which members of the 
older professions enjoy in re.spect of their practice, 
they are not required to serve on juries. There seems 
some ground for this in the case of medical men, but 
none in the case of solicitors. Legal luminaries so 
often descant upon the privilege of serving one*s 
country as a juryman that it is surprising the legal 
profession do not set others the example in thig respect. 

In this matter of public service I am sure that 
chartered engineers are willing, however inconvenient it 
may be to them, to do their duty. 

The only one of the newer professions on which I 
have to make any comment as being on a different 
status from our 5wn is that of patent agent. This 
profession is established by Act of ParHament on 
lines to the older professions. This case seems to me 
to create a hopeful precedent for engineers, which I 
need not trouble to elaborate. 

I trust that by the foregoing examples and remarks 
I have established the case for the ultimate control of 
our profession by Act of Parliament on simiigr lines 
to the others I have cited. That such legislation is 
not an idle theory, and that without it we are lagging 
behind other countries, I hope to show by outlining 
what has been done in Canada and the United States - 
in this respect. [Mr. Paton then read extracts from 
Acte passed in 1920 in the provinces of Alberta and 
Bn^h Columbia and also similar legislation in the 
United States to establish tks engineering profession.] 

I now pass on.to suggest a few reasons for the 



PATON: TEES-SIDE SUB-CENTRE; CHAIRMAN’S ADDRESS. 


131 


existing status of the engineer, and to ofEer a few sug¬ 
gestions to influence us in our efforts to obtain our 
rightful status. The reasons which I would suggest 
fall into two groups:— 

1. Tho^e without the control of the engineering 
profession; and 

2. Those within that control. 

In the first group I put the following reasons :— 

(а) Natural conservatism of the British public. 

(б) Ignorance of the Government, the administrative 

classes, and the general public on scientific 
matters. 

(t?) Lack of tradition in the engineering profession. 

In the second group I put the following reasons:— 

(a) Apathy of the engineering profession, 

(Z>) Lack of unison amongst the engineering profession, 
(c) Insufficient participation by the engineering 
profession in public affairs. 

1(<*). Natural conservatism of the British public ,—^In 
endeavouring to account for the existing status of the 
engineering profession, I have come to the conclusion | 
that the natural conservatism of the British public is 
one of the factors which have had a retarding effect upon 
that status. This conservatism acquiesces in the 
conditions of the past and refuses to adapt itself to new 
conditions. 

I think it unquestionable that the British public 
has not yet talcen the trouble to recognize that there 
is such a thing as a profession of engineering, and will 
not do so until compelled by force of circumstances. 
As an instance of that conservatism, there has in the 
past been a feeling amongst the leading fauces in 
the country tliat to be connected with trade is infra 
dig. Since engineering cannot be practised apart from 
trade, that to some extent comes under the same 
category. There could not, of course, be anything 
more false or injurious, because trade is the life-blood 
of the country, and everybody bi it is, to a greater or 
less extent, dependent upon trade. Nevertheless, the 
feeling which I have indicated has tended to prejudice 
the status of the engineer by directing a steady flow 
of recruits from those families into the church, the 
army and navy, law, medicine and the civil services 
in preference to engineering. In these circumstances 
it is not surprising that the status of the engineer is 
not so high as it ought to be. 

Having classed the conservatism of the public as a 
reason beyond the control of the engineering profes¬ 
sion, naturally I can suggest no remedy beyond the 
lapse of time. I think, however, that each individual 
engineer can do a little to help matters. In the first 
place, he can by his personal example show the general 
public that he is a man of high culture and idea^. In 
the second place, he can use his influence to induce 
• the best young men, in every sense of the word, to 
enter his profession. 

1(&). Ignorance of the Government^ the administrdhve 
classes and the general public on scieitfific matters. 
Arising to some extent out*of the conservatism of ^e 
British public, T now edme to probably the most vital 


reason, which is the ignorance of the Government, the 
administrative classes and the general public on 
scientific matters. Governments have recently arisen 
and fallen with such rapidity that it has been difficult 
to keep track of their individual members. It is, 
however, a fact that a few years ago there had only 
been one trained scientific man in the British Cabinet 
for the previous 100 years. § 

The administrative officials of the couni^ have been 
for the most part appointed by examinations in which 
science has played an almost insignificant part. Conse¬ 
quently the public and other schools of the country 
have been accustomed to frame their curricula to 
suit the examinations, almost to the exclusion of 
scientific subjects. Hence it has come about that 
recently 34 out of 36 leading public schools had clas¬ 
sical men as headmasters, and not one a scientific 
man. In these circumstances it is only to be expected 
that the officials and civil servants recruited from these 
schools have little knowledge of, or sympathy witli, 
scientific matters of any kind, not to mention the 
scientific profession of engineering. If there were any 
doubt on this point, which I think there cannot be, 
reference to the periodical honours lists issued by the 
Government of the day will show the relative value 
placed upon the public services of the engineer in com¬ 
parison with those of the navy, army, administrative, 
dvil and diplomatic services. 

Here, again, is a state of afiairs which only time and 
increasing knowledge and appreciation of modem coii- 
ditions can cure. I think that knowledge must inevi¬ 
tably come quickly, for, if this highly organized and 
densely populated country is to continue to occupy its 
present position amongst the nations of the world, it 
r^.n only do so by conducting all its afiairs on a truly 
scientific basis. Once this fact is thoroughly recognized 
we may perhaps see the inauguration of a Mimstry of 
Science, leading to a gradual improvement in the status 
of all scientific workers, including all members of the 
engineering profession. 

Before leaving this point it is gratifying to note tiiat 
the nation is, in spite of its Governments and officials, 
becoming more and more scientific from day to day. 
The advent of the motorcycle and motorcar have 
done a great deal to spread a knowledge of mechanical 
engineering amongst the general pubhc, and the popular 
craze for wireless transmission during the last ^o 
years has turned everybody into an amateur electrical 

engineer. , ^ 

1(c). Lack of fradition.’^Althongh real, tradition is 
a subtle thing, wherefore I shall not say an 3 d:hing 
about it. I do, however, feel that our profession is 
of such comparative recent growth that it suffers in 
status by the lack of the fine traditions of service which 
obtain in the older professions. In this connection 
we can but endeavour to initiate and hand down a 
standard of honour and service fully equal to that 
obtaining in the older professions. 

2(a). Apathy of the engineering profession, must 
reluctantly assign the foremost place amount the 
reasons within the control of the engineer to ^ own 
apathy. Although it is obvious that ^e^individu^d 
engineer is powerless to improve his status, and that 
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this can only be ’done by combination, there are 
nevertheless many engineers, some of them in good 
^sitions, who neglect, or do not consider, it worth 
them while, to associate themselves professionally with 
tlmir fellows. Personally, I recently met one such man, 
seemed proud of the fact that he had stopped his 
sulMcnptions to several engineering institutions as soon 
as he became prosperojis. 

As far as I can see, the only bodies in the country 
which are suflhciently strong and representative to 
^rry any weight in a national matter, such as 
the fnrtlier improvement of status, are the three 
preat Institutions in London, of which we are the 
larg^t. It is therefore the first duty of every 
qualified engineer, whatever local institutions he may 
sup^rt, to belong to at least one of these three 
Institutions. It is incumbent upon members of 
Institutions, in the words of their undertaking on 
election, " to advance the objects of the Institution 
^ to M IS in their power.” It is incumbent upon the 
Institution as a body to keep in touch with develop¬ 
ments in all other countries affecting the status of 
^ t leir engineers, and with public opinion in this country, 
and to see that this country is not in any way behind 
others m this respect. 

2(5). Laeh of unison amongst tJie engineering -bro- 
femon.—lt is, I think, unfortunate for the status of 
tte engineer that the interests of his profession are in 
the hmids of not one body, but three, not to mention 
smaller ones. It is, I think, still more unfortu- 
^te that m the matter of status each body has seen 
lit to act, or not to act, as the case may be, inde- 
of tlie others. This gives the impression 
to the general pubUc, which is no doubt correct, that 
we cammt agree amongst ourselves as to the status we 
■want. For that reason I should welcome immediate 
co-operation between the Institutions in this and all 
other matters affecting the profession as a whole. It 
w^d, I sug^st. be a good thing for the profession to 
orni a small General Engineering Council,” con- 
sistog of a few members from each Institution, to deal 
with aU matters of the kind.* In the course of time 




f^llSlwould no doubt expand mto a Council 
Mfitog the same functions, as nearly as may be as 
the General Medical Council. y as may oe. as 

to that combination of the 
Institutions would b?ing into 
line a b^y of members approximately half the number 
now on ae medical register, which latter is about 48 000. 

2(c). Insufficient participaiion in public affairs bv 
lumbers of t^ engineering profession.—’A.b 
extent m which we engineers participate in pubUc 
another reason for our present 

SbUc 7a toe general 

public, and out of sight is out of mind.” Unfortii- 

natel3^ the average engineer has tittle time to devote 
affairs after finishing his daily work and his 
constot struggle to keep himself up-to-date by 
a^rbing a fractional part of the technical literature 

tones. Therefore I 
suggest that large employers should take the long 
ww and allow some of their suitable men time to 
p^cipate in pubhc affairs. At the last two parlia- 
entary elections we have seen the managing director 
oLtT ? electrical manufacturing com- 

1 ,-^ ^ candidate. That precedent is 
one winch I Mggest might be extended to employees 

^ to municipal and other 
i“ ^ suggestion were adopted, wherever 
™ J toat the time so atiowedr would 

come back to the employer, with interest. 

Under a previous heading I have suggested that it 
IS a necessity for IMs country to conduct all its affairs 
on a scientific basis. To carry that out the country 
vet « enff neers in Parliament. To see that they 

g t there is therefore an important duty of the engineer- 
mg profession, both for the prestige of the protosion 
and the good work they can do for the country. 

In condnsion, I should like to explain that I do not 
advocate change of status for the mere sake of change, 

rtatos profession on the same 

Iw^ mentioned; but because I believe 
that the chMge would lei^d to our better standing in 
the commumty and an mcrease in our prosperity. 

If I have succeeded in convincing you that we have 
not reached finality in this matter of our status, my 
^dress will have served its purpose. * ^ 
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Preface. 

Varnished cloth being a complicated material with 
many variables affecting the final product, it was con¬ 
sidered necessary, with a view to the iniprovement of 
this class of insulating material, to attack the problem 
in detail. 

Work on raw fabrics has now reached such a stage 
that the Association is able to issue directions for the 
study of suitable types for the manufacture of var¬ 
nished cloth, and also for the study of the properties of 
unvarnished tape and webbing, which are employed 
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in the construcij^on of electrical machinery and 
apparatus. 

In view of the confusion existing in the terminology 
adopted in the cotton and kindred industries, it was 
considered desirable to deal with this subject somewhat 
fully. All the processes likely to be employed in the 
manufacture of cotton and linen fabrics for electrical 
purposes have been defined, and some information is 
given \\ ith respect t<| silk. The last named material, 
however, has not been dealt with exhaustively and is 
recmving .urther consideration, the results of which will 
be issued in due course. 

The Association is indebted to the British Cotton 
Industry Research Association for valuable assistance. 

E,R,A. will welcome comments 
and criticisms from those who have occasion to use this 
specification. 

1. FEATURES TO BE CONSIDERED IN THE 
EXAMINATION OF MATERIALS, 

In order to produce a fabric of the highest quality a 
careful selection of the fibre is essential, and it should 
be Ixeated at every stage with a view to the production 
of the best result. Consideration should therefore be 
given to the following;— 

(a) The Mnd, cl^, source, grade and staple of the 

raw material employed (Clauses 1, 2, 8, 4, 40, 
47 and 62). 

(b) The count of 3 wn (Clauses 6, 29 and 66). 

(c) Whether the yam is single or folded, and, if the 

Mi of folds (Clauses 7 and 66). 

(a) The number of spinning, or spinning and doubling, 
twists per inch of warp and weft respectively, 
md whether the twfet is right-hand or left-hand 
(Clauses 30, 46 and 66). 

/o ^v® ®**'®*‘^ (Clauses 31, 66 and 66). 

(/) The type of weave (Clauses 13, 14, 16, 16 17 46 
Md 67), ’ ' 

(g) The numbers of warp and weft threads (ends and 
princh (Clauses 18, 19, 20, 21 and 82). 

/ •( ir® of the fabric (Clauses 8 and 9). 

(;) The thickness of the fabric (Clause 33). 

(A) The amount of the sizing and filling materials 
and the mineral ash, and the efiect of the 
smng and filling materials on the electrical and 
mechanical properties of the fabric ♦ (Clauses 10 
26, 34, 36, 36, 39 and 64). 

(1) The extent to which the fabric has been scoured 
and/or bleached (Clauses 22 and 23). 

(m) The effect of surface treatment, such as singeing, 
t > on the fabric (Clause 24) . 

(«) The effect of chemical treatment, such as parch- 
m^tizing or mercerizing, on the yam or fabric 
(Clause 26). 

IL DEFINITIONS. 

1. Knn>. 

The term “kind'’ refers to the actual fibre used. 
i.e. cotton, flax (linen) or silk, 

“•« DetMminaUon of tbe Blectdo 


2. CULSS. 

The term class ** refers to the variety of the specified 
fibre used, e.g. Sea Island Gotten. 


3. Grade. 

The term ** grade ** refers to the cleanliness of the 
fibre with respect to freedom from leaf and other 
impurities. 

4. Staple. 

The term ' staple denotes the average length of 
the bulk of the fibres being assessed. 

5. Yarn. 

The term yarn denotes the spun fibre. 

6. Count. 

The term " count or counts " applied to yarn 
denotes the relative fineness or coarseness of the yam. 

Note.— The use of the term "count** is sometimes 
applied to the number of threads per inch of the fabric 
but this is incorrect. 

{a) Cotton Count 

The term "cotton count** denotes the number of 
hanks, each consisting of 840 yards, contained in one 
pound (463 • 6 grammes) of yam. 

f 

(b) Limn Count. 

The term " linen count ’’ denotes the number of leas 
(hanks), each consisting of 300 yards, contained in one 
pound (463*6 grammes) of yam. 

(c) Raw Silk Count. 

The following systems are in general use;_ 

(i) Raw Silk Ounce Count. ^ 

The term "raw silk ounce count" denotes the 
numl^ of lengths (hanks), each consisting of 1000 yards, 
contained in one ounce (28*36 grammes) of raw silk. 

(ii) Raw Silk Dram Count. 

The term "raw silk dram count" denotes the 
number of drams per 1 000 yards of raw silk (1 dram 
= ounce = 1*772 grammes). 

(iii) Raw SHk Denier Count. 

The term "raw silk denier count" denotes the 
number of deniers per 4 000 ells (=. 620*6/yardsl of 
raw silk, ' 

1 d^er = 0*826 grain = 0*0631 gramme. 

Deniers per ounce = 633*3. 

.•.633*3 x 16 x 620*67 = 4442 000 yards per lb. 

= denier silk. 

(d) Spun Silk Count, 

The term " spun silk count" denotes the number of 
hanks, each insisting of 840 yards, contained in one 
pound (463*6 grammes) off :^m (i.e, same as cotton). 
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{e) Momme Silk, 

The term momme silk ** denotes fine silk fabric. It 
is generally sold by the weight per square yard, which 
is expressed in mommes. 

Note. —^The momme is a Japanese weight equivalent 
to 2*14^drams (1 dram = iV ounce = 1»772 grammes). 

7. Folded or Doubled Yarn. 

The tei*m “ folded or doubled ** yam denotes a 
yam made of two or more threads twisted together. 

Note. —If threads are composed of two-fold, three¬ 
fold, etc., yams, they are described as 2/20s or 3/16s, 
etc., according to the count being 20s or 10s, etc. 

In counting doubled spun silk tliere is a diiference 
between the method adopted and that employed in tlie 
cotton trade, which may be illustrated as follows:— 

2/60 cotton yarnmeans two 60 count yams twisted 
together resulting in a doubled yam, which would only 
weigh 30 hanks to the pound (463*6 grammes). In the 
case of spun silk, however, 2/60 yam would mean that 
two 120s count yams had been doubled together to 
produce a doubled yam weighing 60 hanks to the 
pound (463*6 grammes). 

8. Weight of Fabric. 

The term " weight of fabric " denotes the weight of 
unit area of the fabric, and is expressed in ounces 
(avoirdupois) per square yard (grammes per square 
metre). 

Note. —^The weight in grammes of a piece qf fabric 
6*76 inches square is equal to the weight in ounces of a 
square yard. 

9. Weight of Tape and Webbing. 

The term weight of tape (webbing) denotes the 
weight of unit length of tape (webbing) and is expressed 
in ounces (avoirdupois) per 144 yards. 

'll 

10. Sizing. 

The term “sizing'* denotes the treatment of the 
yam to hold the individual fibres together to enable it 
to withstand the frictional stress, and to smooth do^vn 
the projecting fibres so as to reduce friction during 
weaving. 

Size is also added to increase the weight of the yam 
so as to produce a cheaper fabric. 

In the cotton industry four kinds of sizing are in 
general use, as follows:— 

{a) Pvm Sizing, 

The purpose of pure sizing is to enable yam to weave. 
Although the sized yam is increased by 6 per cent to 
8 per cent in weight before scouring, very little, if any, 
additional weight is added to the resultant fabric. 
The materials used in the size mixtures are pure, and 
include sago, farina and occasionally fiour, without 
any loading matter whatever. A little tallow or soap 
is usually put in for softening purposes. 

(5) Light Sizing, 

Light sizing is similar to 4 >ure sizing,*but 6 to 20 per 
cent by weight is added to the warp yam. 


• • 

(c) Medium Sizing, 

Medium sizing adds from 20 to 80 per cent by weight 
to the yam. The object of this sizing is to give cheap 
cloths a good “ feel." 

(d) Heavy Sizing, , 

Heavy sizing adds over 80 per cent additional weight 

to yam, and is in general omy applied to heavily 
“ filled" fabrics for West African and Eastern 
markets. 

Note. —For electrical purposes, (a) and (b) above are 
the only sizing treatments permissible, and, in general, 
pure sizing only should be specified. 

11. Gassing. 

The term “ gassing " denotes the operation by which 
projecting fibres are removed from the surface of the 
yam before weaving. 

12. Fabric. 

The term “ fabric" denotes the woven yarn and ^ 
includes cloth, tape and webbing. 

13. Plain Weave. 

The term “ plain weave " denotes a weave in which 
both warp and weft tlireads are over one and under 
one throughout, and^this gives equal bending of the 
threads. 

14. Matt Weave. 

The term “ matt weave " denotes a weave in which 
one or both series of threads work two or more ends or 
picks together; such as2x2, 3x3or4x4 ends 
and picks, and these are known as 2 x 2, 3 X 3 or 
4 X 4matts. 

16. Twill Weave. 

The term “ twill weave " denotes any weave tliat 
produces a diagonal line across the fabric. The simplest 
twill weave is the 2 x 1 or 1 x 2, in which one thread 
is lifted once and is down twice. 

Note. —By the use of a twill weave a fabric can be 
made heavier and more compact than if a plain weave 
is employed. In most fabrics the wa:^ is twisted 
harder than the weft. 

In 2 X 1 the ends are in excess of tlie picks,. 

In 1 X 2 the picks are in excess of the ends. 

In 2 X 2 very often the ends equal the picks, but 
witih a heavier weft than warp. 

16. Satin Weave. 

The term “ satin weave " denotes a weave in which 
no two consecutive warp ends intersect with successive 
picks. 

Note.— The satin weave gives a smooth, even face to 
the fabric and allows one set of threads to be com¬ 
pletely covered, the face threads bring much greater in 
number than the other series of threads., • 
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17. Double Texture. 

term double texture*^ denotes a weave in 
wtdch two plain or other fabrics are woven together at 
one weaving. The two fabrics^ though quite distinct, 
may change places to form stripes, checks or figures. 

18. Warp. 

The term " warp denotes the series of threads 
placed longitudinally in ^the loom over any desired 
width. 

19. End. 

The term ** end ** denotes the individual thread of 
warp yarn, e.g. 90 ends per inch means 90 threads of 
warp yarn per inch. 

20. WErr or Woof. 

The term ** weft ” or ** woof ” denotes the series of 
threads passing transversely in the loom, and put into 
the fabric by means of the shuttle. Weft yam is 
usually softer spun than warp yam, and is frequently 
spun anti-dockwise. 

21. Pick. 

The term " pick ” denotes the individual thread of 
weft yam passing from selvedge to selvedge. 

22. Scouring. 

The term ‘'scouring” denotes the operation of 
washing the fabric after weaving to remove the sizing 
materials and the natural wax from the fibre. 

KoTE.— In vamisliing a fabric in the loom state, i.e. 
before being scoured, there is a possibility of chemical 
action between the cellulose or varnish and the material 
used in the size. Such action may materially affect the 
steength and durability of a fabric as well as the effi¬ 
ciency of the varnish. From the point of view of 
proofing” fabrics, experience in textile chemistry 
has shown that the best results can only be obtained 
on fabrics that have been heed entirely from extraneous 
materials. On the other hand, scouring slightly reduces 
the tensile strength of fabrics. 

23. Bleaching. 

The term ” bleaching ” denotes the series of opera¬ 
tions through which a ” grey ” fabric (i.e. a fabric made 
from yam that has not been bleached or dyed) passes 
to remove the natural colour of tlie fibre and to obtain 
a white fabric. 

24. Surface Treatments. 

{a) Singeing or Dressing.* 

The term "singeing” or "dressing” denotes the 
operation by which projecting fibres are removed from 
the surface of a cloth by burning. 

(6) Shearing. 

The term " shearing V denotes the operation in which 
a doth is passed over rotating razor blades and shorn. 

"dressing**is synonymous with "filling** and not 
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(c) Calendering. 

The term " calendering ” denotes the operatiori*^of 
finishing a cloth by passing it.^between heated rollers 
under pressure. 

Note. —^The arrangement of rollers varies according 
to the kind of finish required. ^ 

(d) Beetling. 

The term ” beetling ” denotes a process of cloth 
finishing in which the finish is produced by winding a 
cloth upon rollers or cylinders, and subjecting it to a 
rapid succession of blows from wooden hammers. 

Note. —The beetle finish maybe imitated by means of 
a special calendering process. 

(e) Chesting. 

The term " chesting ” denotes a process of cloth 
finishing in which the finish is produced by calendering 
a cloth between heavily weighted rollers, and winding 
the cloth dui-ing the process on to one of the calender 
bowls or rollers. 

25. Chemical Treatments. 

(a) Parchmentizing. 

The term " parchmentizing ” denotes an acid treat¬ 
ment of cotton yam or fabric to increase the lustre. 

(5) Mercerizing. ^ 

The term " mercerizing ” denotes a caustic soda tireat- 
ment of cotton yam or fabric to increase the lustre. 

26. Filling * (also referred to as Stiffening). 

Ihe term " filling ” denotes the filling up of the inter 
stices of the fabric. with some chemical compound to 
produce a smooth surface. 

27. Regain. 

(a) When referring to weave, the term " i*egain ” 
denotes the difference between the length of a fabric 
and that of a thread when removed from the fabric. 

(5) When referring to moisture, the term " regain * 
denotes the percentage to be added to the dry weight of 
a material in order to obtain the weight of that material 
under normal humidity conditions. 

in. METHODS OF INVESTIGATION. 

Note. —^The mles of the Liverpool Chamber of Com¬ 
merce provide .for the investigation of the features of 
raw cotton, and the rules of the Manchester C^Smber of 
Commerce provide for the investigation of the features 
of yam and fabric. 

28. Conditioning of Specimens for Test. 

Before the tests specified in Clauses 29, 30, 31, 32, 33, 
34, 35, 36 and 37 are carried out, samples of yam or 
single sheets of fabric shall be conditioned in a controlle<l * 
atmosphere for not less than 18 hours. The controlled 
atmosphere shall have a relative humidity of 75 per cent 
and a temperatwre" of from 15®^C. to 25® C. 

with^'s^ng^***^® term "dressing's synonymous with "filling** and not 
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The yarn or fabric shall be tested as soon as possible 
after removal from the controlled atmosphere, and in 
any case before three minutes have elapsed. 

The specified relative humidity may be obtained by 
the use of a solution of calcium chloride in water, 
specific gravity 1*22 at 20 ® C. (32 grammes of calcium 
chloride in 100 grammes of solution). Sulphuric acid 
shall rxpt be used. 

To ensure that the relative humidity of the con¬ 
trolled atmosphere is maintained at the correct value it 
is necessary either that the temperature be kept very 
constant or the air must be circulated within the 
chamber. The surface of the calcium chloride solution 
should be large per unit volume of air space, as if 
it is not the rate of attainment of equilibrium is very 
slow. 

The following apparatus has been found satisfactory 
in maintaining the relative humidity of the controlled 
atmosphere constant:— 

The chamber consists of a cubical box, with sides 
24 inches long, the floor of which is nearly covered 
by a dish containing the solution of calcium chloride of 
the correct density. The samples of yam or fabric to be 
conditioned are placed on a shelf half-way up the box. 
Air is circulated, by means of a small fan, over the 
solution up tlirough holes cut at two comers of the 
shelf, over tlie samples and down through holes at 
the opposite comers of the shelf. 

The» humidity of the air, which may be measured by 
wet and dry bulb thermometers if the velocity of the air 
past them is greater than three metres per second, 
attains a constant value about three minutes after the 
box has been closed and the fan started, unless the 
prevailing conditions are extreme. If a humidity near 
saturation or dryness is required it is necessary that the I 
walls of the box should be non-absorbent. 

A solution of calcium chloride in water is satisfactory 
when a relative humidity above 46 per cent is required, 
and tl]|jis solution should be employed in preference to 
sulphuric acid of which the vapour is liable to be 
absorbed by the fabric. 

The correctness of the strength of the solution should 
be checked from time to time by humidity readings. 
As an alternative to wet and dry bulb thermometers, 
which reejuire a known air velocity, a dew-point thimble 
may be inserted in the box and used when the fan 
is not working; with either method a window is 
necessary to avoid opening the box. 

The value of the relative humidity of the air due to 
the calcium chloride solution given above will not vary 
2 per cent over a temperature range of 30 deg. C. 

Note.— The method of conditioning given above 
cannot be applied to fabric in rolls, which must be cut 
up before conditioning. 

29, Determination of the Count of Yarn, 

The yam shall be conditioned as specified in Clause 28 
before the count is determined. 

In order to determine the count of the yam used in 
the fabric it is necessary to remove the individual 
threads. A piece of fabric shall be cjit out and suffi- 
.dent threads of each £mSl (warp and weft) shall be 


placed on the scale pan to balance the appropriate 
weight given below. The number of inches is the 
count. In the case of two-fold, three-fold yams, etc,, 
the threads must be separated. 

(a) Cotton and Spun Silk, 

In the case of cotton and spun silk, if N is the count 
the relation may be written thus :— 

N X 840 yards weigh 1 pouifd (= 7 000 grains 

rs 453 * 6 grammes) 

. * 7 000 

N inches weigh ^ 3 ^ grams 

== 0*231 grain 
= 0*015 gramme 

In other words, the number of inches of a cotton or 
spun silk yam which weighs 0*231 grain or 0 • 016 gramme 
is the count of that yarn. 

(5) Linen. 

In the case of linen, if N is the count the relation may 
be written thus :— 

N X 300 yards weigh 1 pound (== 7 000 grains 

a 453*6 grammes) 

. , 7 000 

••• ^ 300 x ~3 6 

= 0*646 grain 
= 0 * 042 gramme 

(c) Raw Silk. 

In the case of raw silk the appropriate values given 
in Clause 6 shall be adopted. 

30. Determination of the Twist of Yarn, 

The yam shall be conditioned as specified in Clause 28 
before the twist is determined. 

A suitable method for the determination of the twist 
of yam is described in Technical Testing of Yam and 
Textile Fabrics,’* by J. Herzfeld, as follows 

The apparatus consists of a base plate on which is 
fixed a frame supporting two small shafts (see Fig. 1), 



Fig. 1.—Apparatus for the Determinatioii of the Twist of Yarn. 

The lower shaft is fitted with a crank, and carries a spur 
wheel which engages with a pinion on 1 die upper shaft, the 
gear ratio being 10 to 1. The lower shaft also rotates the 
graduated plate of a counter by means of worm gearing. 
The free end of the upper shaft terminates in a catch 
for holding one end of the yam under test, which 
passes through a small split catch and then over a 
puUey as shown in Fig. 1. The support with the spHt 
catch is movable over a distance of 16 inches along a 
groove in the base plate, and can be fixed in ^ny desired 
position by means of a thumb-screw, the position being 
indicated by a graduated scale on the plate. 
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* To determine th^ ^ist of a yam, the zero on the 
punter is adjusted £o coincide with a fixed pointer. 
The movable support is placed in the position corre^ 
spending to the length of the sample of yarn it is desired 
to t^t, and one end of the latter is fastened in the catch 
fixed at the end of the upper shaft. The yam is passed 
^ through the split catch on the top of the movable 
support, and then over the pulley, the free end being 
fastened to a small w^ght, the value of which varies 
according to the strength of the yam, being heavier for 
stout and lighter for weak yams. The split catch on 
the movable suppprt is then screwed up, the lower 
shaft rotated by the crank and the yam untwisted, 
the number of twists being recorded by the counter 
and read ofi direct. The counter will register either 
right-handed or left-handed twists. 

Other suitable methods for the determination of the 
^st of yam are described in the Journal of the Textile 
Institute, March 1922, page 81. 

31. Tensile Strength of Yarn. 

The yarn shall be conditioned as specified in Clause 28 
betoe the test for tensile strength is carried out. 

The tensile strength of yarn shall be determined by 
means of a smgle thread tester. A suitable apparatus 
for can^goutthis test (Goodbrand) is described in the 
Journal of the Texhle Institute, July 1923,. as follows:_ 

'• The G^brand tester is one of the constant traverse 
pendulum-balance type, the load being appUed by 
a falling weight, the motion of which is regulated 
by a plunga: in an oil dashpot. The load is 
regwtered by the motion of a pendulum over a 
^^uat^ arc, the pendulum being prevented 
from fallmg back when the specimen breaks bv 
means of a small ratchet.” • 

determination of 

the strength of yam is described in "Technical Testing 
Fabrics," by J. Herzfeld. ® 

T^ breakmg tests shall be carried out, and the 

^■“d mean valves of the tnngiiA 
strength of the yam shall be stated. 

32. Detehminaxion of the Number of Warp and 
Weft Threads per Inch. 

^® conditioned as specified in 
Qause 28 brfore the determination of the number of 
warp and weft threads per inch. 

_ In determination of the number of threads per 
mch It IS not satisfactory to count the threads ovj^ 

nnir “oltiply by a factor. 

:^e mmber of threads shall be counted over a com- 

£. ^ ^ microscope cloth counting 

Note.— A suitable form of instrument for this purpose 
IS supphed by Messrs. J. CasartelU & Son, Manch^ter. 

33. Determination of Thickness of Fabric. 

The fabric shall be conditicaied as specified in 
Cteuse 28 before the thickness is determined ^ ^ 

The thictoess of the fabric shall be measured by 


means of a ratchet micrometer* fitted with an anvil 
not less than f inch and not more than i inch 
diameter. 

The average thickness of the fabric shall be ascer- 
tamed as follows;— 

A -^t piece one foot long and the full width of the 
roll shall be taken sufficiently far from the end to be 
representative of the bulk of the fabric. Ten measure¬ 
ments of thickness equally spaced diagonally across the 
test piece shall be made. 

The maximum, minimum and mean values of the 
thickness shall be stated. 

34. Tensile Strength of Fabric. 

^® ®°“<Ftioned as specified in 
^use 28 before the test for tensile strength is carried 

Nine specimens shall be cut in such a manner as to be 
representative of the bulk of the fabric. Three speci¬ 
mens shall be cut in the direction of tbe warp, three in 
the diTMtion of the weft and three on the bias at an 
^gle of 46 . No two specimens cut in the same direc- 
non shall contain the same longitudinal threads 
m specimens shaU be not less than 2^ inchU wide, 
and ffie thr®ads frayed out from each side to reduce the 
wid^ of 2 mches. The specimens shall be placed evenly 
in tlie jaws of the toting machine so that the unstretched 
lengffi of ihe fabric between the jaws is not less fiipn 
7 mchM. The load shall be applied at a uniform rate, 
and the time taken to reach the breaking load from 
^e commencement of the application of the load shall 
be one n^ute. If the specimen breaks unevenly, or 
^’*® “correct clamping, a duplicate 
test sh^ be made on another test piece including the 
same ttoeads. The maximum, minimum and mean 
values of the three tests warp way, of the three tests 

weft way and of the three tests on the bias respectively 
shall be stated. ^ 

tu2^-—following tempera- 

20" C., 60® C., 90" C. and 120" C, 

Note. ^When testing at the high temperatures the 
speamm should be surrounded by a heated cylinder to 
mamtam tiie required temperature. 

36. Tearing Strength of Fabric. 

The fabric shall be conditioned as specified in 
Clause 28 before the test for tearing strength is carried 

The tea^g strength test shaU be carried ..out by 

means of apparatus shown in Fig. 2 as follows ;_ 

The resistance to tearing shall be proved by the load 
reqmred to tear a tongue 2 inches wide, commencing 
from holes inch diameter punched out of the fabric 
The size of each separate specimen tested shall be- 
12 inches by 6 inches. 

(») Three tests shall be made with the tear in the 
direction of the warp of the fabric. 

(6) Three tests shall be made wiih the tear, in the- 
direction of the weft of the fabric. 

psTOUsible ufiiits of the torqjje o* tbe ratchet stop era under cog.- 
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The method of CMrying out the tearing test shall be 
as follows:— 

Prepare the fabric specimen as shown in Fig. 2. 
Attach the lower end of the specimen to the sliding 
board by passing the fabric through the slots and 
pulling it tight. Grip the tongue of the fabric already 
cut out, as indicated by the dotted line, by passing it 
round and between the rollers which are attached to 
the spring balance. Ftn the upper portion of the fabric 
to the board by two pins as shown in Fig. 2 . 

Rotate the winding ge^tr so that the fabric tears at 
the rate of approximately 12 inches per minute. (A 
motor drive is recommended.) 

Watch the balance and average the slightly varying 
values of the pull observed. 

The maximum, minimum and mean values of the 
tearing strength in the directions of the warp and 
weft respectively shall be stated. 


a rate that the radii of curvature of the fabric can be 
determined by means of a suitable spherometer. Suffi¬ 
cient readings shall be taken to enable a curve to be 
plotted showing the relationship between the air 
pressure and the radius of curvature of the fabric. 


37. Ageing. 

The tendency of the fabric to deteriorate with age 
shall be determined by the change in the bursting 
strength after it has been heated at a temperature from 
90® C. to 95® C. for four weeks. 

Bursting strength tests shall be carried out as specified 
in Clause 36 as soon as the temperature of the specimen 
has fallen to 20 ® C. (± 6 ® C.), and also after the fabric 
has been subjected to the controlled atmosphere 
specified in Clause 28 for not less than 18 hours. 


Steel ring 

^ Ruliber ring 
^Specimen 



To U-tube meaeuring 
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valve 
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NOTE :-The ruJbher rJ/f^ eLffd d/dp^tcL^m are sAow/? apart, but when w use the^ are brought /nto contact with 
the specimen and f/jced bp-damps, one of wh/cn /s shown in position. 


Fig. 3. —Apparatus for measuring the Bursting Strength of Fabric. 


36. Bursting Strength and Extensibility of Fabric. 

The fabric shall be conditioned as specified in 
Clause 28 before the tests for bursting strength and 
extensibility are carried out. 

The bursting strength tests shall be carried out 
by means of the apparatus shown in Fig. 3 as 
follows 

The fabric shall be placed over the rubber diaphragm 
and clamped between the rubber insertion rings fitted 
on top of the steel drum so as to make an airtight 
joint. Air shall be pumped into the drum at such a 
rate that the pressure on the fabric is increased gradu¬ 
ally at the rate of approximately 30 lb. per square 
inch per minute until failure occurs. 

Note. —Care must be taken to release the air pressure 
immediately the fabric fails so as not to damage the 
rubber diaphragm. 

The test for extensibility shall be carried out on the 
apparatus shown in Fig. 3 as follows :— 

The fabric shall be clamped between the rubber rings 
as before. Air shall be pumped into the drum at such 


38. Tests for Acidity and Alkalinity. 

{a) Test with Distilled Water, 

A sample of fabric 6 inches square shall be boiled in 
a beaker for 6 minutes in 60 cm® of distilled water, the 
solution then being poured ofi into a fiask, leaving the 
drained sample in the beaker. A further 60 cm® of dis¬ 
tilled water shall be added to the sample and boiled for 
5 minutes, the solution being poured ofi into the flask 
containing the first extract. To the contents of the 
flask (which need not be cooled) 0*6 cm® of ?'^per cent 
phenolphtbalein solution shall be added, and the whole 
titrated with N/lOO caustic soda if acidity is indicated, 
or with N/lOO sulphuric add if alkalinity is indicated. 
The number of cm® of N/lOO NaOH or of N/lOO H 2 SO 4 
shall be stated. 

A blank test shall be carried out on the water and 
glass vessels used in this test. 

( 6 ) Test with Alcohol, 

A sample of fabric 6 inches square shall be boiled in 
industrial alcohiol, compl 5 riiag^ with British Standard 
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Specification No. 2 D. 9, in the same manner as. in (a). 
The procedure for the determination of add or alkali 
spedfied in (a) shall be followed, and the number of 
cm3 Qf N/lOO NaOH or of N/lOO H 2 SO 4 shall be stated. 

A blanJk test shall be carried out on the industrial 
alcohol ^nd glass vessels used in this test. 

Note. —^The glass vessels used for these tests shall be 
boiled ^out several times with distilled water before the 
tests are carried out. 

39. Determination of the Amount of Sizing and 
Filling Materials and Mineral Ash. 

{a) Sizing and Filling Materials, 

Not less than one square yard of the fabric cut into 
small pieces shall be boiled for one hour in tlie li<|uids 
given below. A separate sample shall be used for each 
extraction. 

(i) Distilled water, 

(ii) 0*1 per cent solution of caustic soda, followed by 

an hour's boil with 0*6 per cent solution of 
hydrochloric acid. 

(iii) Benzol compl 3 dng with British Standard Sped- 
fication No. 2 D. 10. 

The extracts obtained shall be evaporated to dr 3 niess 
and the residues examined. 

Not^e.—I t is impossible to specify any simple pro¬ 
cedure for the examination of the residues. The investi¬ 
gator must be guided largely by what he suspects to be 
present. {See Appendix I, Clause 64.) 

(h) Mineral Ash, 

Not less than 60 grammes of the fabric shall be dried 
at a temperature from 106® C. to 110 ® C. and then 
weighed with the usual precautions to obtain the dry 
weight of the sample. The fabric shall then be com¬ 
pletely ignited, with all precautions against loss. The 
residue of incombustible matter (mineral ash) shall be 
weighed, and the amount computed as a percentage of 
the weight of the dried sample. 


APPENDIX 1. 

Information respecting the Raw Materials and 
Processes employed in the Manufacture of 
Cotton, Linen and Silk Fabrics. 

40. Class and Source of Raw Cotton. 

Cotton is the seed hair from several species of the 
genus Goss 3 rpium—^plants of the mallow family. The 
fibre is hollow and when growing is a single straight 
cylindrical cell, but on ripening the tube flattens and 
becomes contorted and twisted. The presence of these 
twists in the fibre makes it possible to spin it. Similar 
seed hair fibres to those found in the varieties of cotton 
used, but having no natural small twists in the fibre 
itself, are common, but ^cannot be spun economically. 
The number of twists in af mature cotton fibre varies 


from 160 to 400 per inch, the longeristaple fibres having 
the highest number of twists per inch. The diameters 
of the fibres vary from 0*63 to 0*84 mil, the long 
staple Sea Island and Egyptian yarns having smallest 
diameters. 

The actual number of plants from which commercial 
cotton is obtained is probably only seven, although 
" Index Kewensis " lists forty-two species and mentions 
eighty-eight others. 

The seven species are :— 

( 1 ) Gossypium arboreum 

(2) Gossypium herhaceum ,. 

(3) Gossypium hirsutum 

(4) Gossypium harbadense ,, 


( 6 ) Gossypium Peruvianum ,. 

( 6 ) Gossypium Sandwichense 

(7) Gossypium tahitense 


Ceylon and Arabia. 

Indian cottons. 

U.S.A. Southern States 
cotton. 

Sea Island and West 
Egyptian dnd some 
Peruvian cottons. 

Native Peruvian cottons 
and Brazilian cottons. 

Sandwich Island cotton. 

Pacific Island cotton. , 


The classes of cotton commercially obtainable in 
Great Britain are given in the table on page 143. 

From the point of view of textile manufacture Sea 
Island cotton produces the best yam. It is the 
strongest and most uniform cotton and is used to spin 
the finest counts and tlie highest quality yams. 
Specially good Egyptian cotton is suitable for yams of 
100 count and upwards, but good yams of 60 up to 
90 counts can be spun from ordinary good quality 
Egyptian cotton, and the cost of such yarns is les s tha n 
that of similar counts spun from Sea Island cottonT^"*' 


41. Ginning. 

The term " ginning " is used to denote the process of 
separating the cotton fibre from bolls, seeds, immature 
fibre, etc. The process is imperfect, as portions of the 
seed and immature fibre pass on. It is carried out at 
the cotton plantations before the raw cotton is exported. 

42. Opening (Breaking, Beating). 

The terms " opening," " breaking " and " beating " 
are applied to the processes through which the raw 
fibre passes in preparation for " carding," and consists 
of disintegrating, loosening and cleaning the matted 
fibre from the bales. The cotton after passing these 
processes is left in the form of a lap, i.e. in the form of 
a sheet 3 ft. 2 in. to 3 ft. 6 in. wide by J in. thick which 
is rolled on an iron spindle for convenience in h an d l i n g. 


43. Carding. 

The term "carding" is applied to the process of 
opening up and combing the fibres and removing short 
and immature cotton and the dirt left in at the opening 
process. Tlie cotton leaves the carding engine in the 
form of a sliver, i.e. a continuous length of loose, 
undeteriorated fibres. 

Note. —In tlie production of fine grade counts, the 
carding process is frequently supplemented by a refined 
carding process known as combing. 
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*44. Drawing. 

The term ''drawing"* is applied to the process of 
drawing and placing straight and parallel the sliver 
produced in the carding engine in successive stages, 
un^ it is in suitable form for sp innin g. Only such 
twist as is necessary to keep the sliver intact is imparted 
♦ during the drawing process. Drawing is efEected in 
four or more stages on machines known respectively 

3S !■" ' 

. (a) Drawing frames. 

(6) Slubbing frames. 

{c) Intermediate frames. 

(ef) Roving frames. 

The cotton leaves the roving frames on bobbins 
suitable for spinning. 

45. Spinning. 

The term " spinning *" is applied to the process of 
twisting the cotton as it is received from the roving 
frames into a yarn. This twist produces a hard yam 
which is incapable of further drawing. 

^ Two methods of spinning are in use :— 

(a) Ring spinning, wliich delivers the yarn on 
bobbins. 

(5) Mule spinning, which delivers tlxe yam on cops. 

46. Weaving. 

In the operation of weaving, the warp threads are 
placed in the loom, and the thread that is to form the 
weft is wound into a " cop,” which is placed inside the 
shuttle. The warp threads are led from the beam 
through the ” healds ” to the roller at the front of the 
loom to which they are fastened. When the loom is set 
in motion alternate threads, in the case of a plain 
weave, are pulled up and down respectively by the 
" healds ” in such a way that the shuttle with its weft 
thread can be shot by the " picker "* through the space 
between the upper and lower threads of the warp. A 
comb-like structure called the ” reed ” now pushes the 
weft thread, which the shuttle has left behind, up to 
the point where the warp threads separate. Then the 
" healds ” reverse so that the thread of weft is gripped 
between the two layers of warp threads. 

In weaving, the warp threads are subjected to con¬ 
siderable friction, which is liable to chafe the yam and 
cause breakages. To prevent this damage the warp 
yam is almost invariably sized before being woven. 

47. Class and Source op Flax (Linen). 

Linen is a vegetable fibre obtained from the flax plant 
Linum usiiatissimum. The fibres themselves are con¬ 
stituted from small cells consisting of practically pure 
unlignified cellulose. Their average length is approxi¬ 
mately 18 inches, but variations between 12 inches and 
36 inches are commonly met. The mean diameter of 
the fibre is approximately 6 mils (varies between 1*8 
and 25 mils). The fibre is separated from the woody 
tissue of the plant by a process of decomposition in 
stagnant water. Linen is a better conductor of heat 
than cottoii, but contains approximately the same 


amount of hygroscopic moisture (approximately 8*5 per 

cent). 

The following sources of flax are generally recog- 

mzed ;— 

Russia: In 1913 over 90 per cent of tlief^world's 
supply of flax was grown in the Russian Fmpire. 
Russian flaxes are known as Slanetz (dew-rptted), 
Motchenetz (water-retted), and Siretz (ungraded 
fibre). The three kinds of flax are exported 
from Russia in no less than 32 varieties. 

Holland : Dutch flax is exixorted in 6 grades. 

Belgium: Flemish flax (blue flax) includes Bruges, 
Thisselt, Ghent, Lokeren and St. Nicholas, and is 
graded into 7 grades, 

Courtrai flax is also graded into 7 grades. 

Fumes and Bergues flax is graded A, B, C and D. 
Walloon flax is graded II, III and IV. 

Zealand flax is graded VI, VII, VIII and IX. 
Friesland flax is graded into 10 grades. 

France « French flax is known by districts in which 
it is grown, and includes Wavrin Fluies, Douai, 
Hazebronck, Picardy and Hames. 

Ireland: Irish flax is known by the names of the 
counties in which it is grown. 

Canada : Canadian flax is in no definite grades. 

Austria-Hungary, Bulgaria, Italy, Netherlands also 
produce flax in smaller quantities. 

(Attempts attended with a certain degree of success 
are being made to grow flax in Egypt, Bihar (India), 
Transvaal, Orange River Colony and various 
Australian districts.) 

The flax passes through the following processes before 
it becomes the yarn used in the manufacture of linen 
tape and fabrics :— 

48. Rippling. 

The term '' rippling ” denotes a mechanical process of 
combing the flax seed capsules and other extmneous 
matter away from the actual stems (or '' straw ”) of the 
plant itself. 

49. Retting. 

The term ” retting ” denotes the process of immersing 
the "straw” after rippling in stagnant water, so that 
by processes of decomposition and fermentation the 
pectoses and woody tissue of the plant are removed, 
leaving free the bast fibres. 

60. Breaking. 

Breaking is the term used to define the ffocess of 
passing the retted fibre through rollers to break up the 
woody part of the stem in order that it may more 
easily be removed in the scrutching process. 

61. Scrutching. 

Scrutching is the term used to define the process of 
removing the woody parts of the stems to leave the 
fibres clean and free for subsequent spinning and 
weaving processes. 

Linen yam ia» available eitlver ”dry spun ” or " wet 
spun.” Wet spinning is employed to get higher counts 
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Class 

Commercial name 

Spins up 
to, counts 

Quality 

Colour 

staple 
length, ' 
inch 

1 

3ea Island 

300 

Regular and fine 

Cream 

If 

2 

Meade. 

120 

Regular and fine 

Cream 

If 

3 

Egyptian : 


• ' 




Salcellaridis . . 

150 

Fine and soft 

Ivory 

H 


Nubari 

100 

Fine, variable and rather hai’sher than above 

Light brown 



Abassi. 

100 

Fine 

White 

It 


Upper .. .... 

60 

Poorer and liable to be dirty 

Dirty brown 

H 

4 

Sudan : 






Sakellaridis . . 

150 

Fine and soft. Equal to good EgjTptianSaJtel 

Light ivory 

If 


Zeidabi 

60 

Good grade, but liable to be dirty 

White 

li 

6 

Brazilian : 






Ceara, etc . 

60 

Hard and dirty 

Dirty white 

1 


Peniams, etc . 

60 

Hard and dirty 

Dirty white 

It 

6 

Peruvian : 






Sea Island 

100 

Soft and good grade 

Varies 

It 


Mitafifi. 

100 

Regular 

Ivory 

If 


Tanguis 

80 

Good substitute for Egyptian and American 

White 

It 




extra staples 



!! 

Smooth .. 

60 

Soft and good grade 

White 

It 


Rough and mod. rough 


Used chiefiy for making shoddy, etc. 


H 

7 

Aineric£in : 

Hi 





Orleans 


Good grade, soft and strong 

White 

It 


Uplands 


Good grade and soft 

White 

i 1 


Texas . 


Good grade and soft 

White 

1 1 


Mobile. 

nn 

Moderate 

White 

1 

8 

East African : 






» American (Allen) 


Substitute for American 

White 

It 

9 

West African 


This cotton is being developed, and is similar 

— 

— 




to American Uplands 



10 

Queensland : 






American (Durango).. 

60 

High, grade, clean 

White 

It 

11 

Indian : 






Tinnevelly 

20 

Good grade, strong (can be spun in 

Light brown 

1 




mixture with American) 




Suntee Broach 

20 

Good grade, strong 

White 

I 


* Madras Western 

20 

Moderate 

Light brown 

1 


• Scinde. 

10 

Inferior quality 

Dirty white 

t 


Bengal.. , 

10 

Hard and dirty 

Light brown 

t 

12 

Smyrna. 

20-5 

The quality of this and other Turldsh cottons 

— 

t 




is liable to vary on account of the tendency 






to grow native varieties 



' 13 

Ohma * • *. • * 

12 

Although extensively grown and mostly used 

— 

i 




in China, in general is a good grade white 






cotton , and short staple 
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(30 to 80), but dryfspun yarns are finer and are spun in 
counts 6 to 30. 

52. Class and Source of Raw Silk.* 

Silk is an animal fibre consisting of a continuous 
thread which is spun by the silkworm. This thread 
may be as long as 1 300 yards (2 000 yards for wild 
silks), and has a di|meter varying from 0-6 mil to 
1*0 mil (average 0*83 mil). The fibre is not cellular, 
but in its natural state consists of two continuous fila¬ 
ments, an inner substance known as fibroin and an 
outer substance known as sericin, cemented together. 
In silk in its manufactured state this cement is fre¬ 
quently partially removed (degumming). 

Silk is an extremely hygroscopic material, and under 
favourable conditions may absorb 30 per cent of its 
weight of moisture and yet still appear dry. In its 
normal commercially conditioned ” state, silk contains 
9*91 per cent moisture (‘'regain '' 11- per cent), and is 
therefore some 40 per cent more hygroscopic than 
cotton. 

The following table show's the chief varieties of silk :_ 


Bomhyx mori 
Bombyx mori 
Bomhyx mori 
Bomhyx fortunatus 
Bomhyx iextor 
Aniheresa mylitta 
Attacus ricini 
Aitacus ricini 
Attacus cynthia 
Aitacus silene 
Attacus atlas 
Antheraa yamamai 
Cricula irifestraia 
A nthercea peruyi 


Japan 

Italy. 

China 

Bengal 

India 

India 

India 

America 

India 

India 

India 

Japan 

India 

China 


The filaments from the cocoon may be worked up 
and put on the market either as:_ 

(a) Throim Silk Yam. . 

Titfown silk yam is made from silk filaments by 
runmng ^y number of them together and applying a 
shght twist. ® 

{b) Spun Silk Yam. 

Short fil^ents of silk can only be made into yam 
by i*e apphcation of considerably more twist than that 
^ployed for thrown silk yam. Spun sUk is gene- 
S of aaments from 1 to 3 inches long, 

Md together by a comparatively large number of 
c ^ per mch, in the same manner as a cotton thread. 
Spun silk IS mv^ably made from filaments from which 
all the gum has been removed. 

(c) Schappe, 

“ 5 Silk 

Obtained from the Continent. It is usuaUy of a sKghtlv 
mfenor quality to ordinary spun silk and is often made 
from silk waste containing from 6 to 10 per cent of gum. 

of wu* *■>« 


63. Raw Silk : International Titre. 

The fineness of raw silk thread is expressed according 
to the International Standard as the number of deniers 
(0- 0631 gramme) a skein of 600 metres length will 
weigh. This number is frequently referred to as the 
'iutemationa] titre" and may be converted to the 
titres of other nations as follows :— 

To Turin titre by multipl 3 dng by 0*8931. 

To Milan titre by multiplying by 0*9315. 

To French titre by multiplying by 0*8964. 

To Italian (legal) and Swiss titres by multiplvinff 
by0*9000. ^ 

64. Sizing Materials. 

In the weaving process the warp threads are sub- 
jected to considerable stress and friction, which are 
hable to cause breakage and fraying of the fibres of 
which the yam is composed. To prevent this damage 
to the warp thread it is almost invariably sized before 
being woven. 

The materials used for sizing may be divided into 
three classes according to the purpose for which they 
are added. ^ 

(a) Agglutinants. 

agglutinant is to hold together 
the individual fibres of the yam, rendering them less 
hable to be frayed during the process of weaving and 
also to smooth and consolidate tlie yam to enaMe it to 
wlhstand the stress and friction to which it is subjected 
wh^t being woven. An agglutinant is used in addition 
to bind together the particles of clay or other mineral 
matter in the interstices of the yam. 

The materials used as agglutinants are as follows:_ 

Wheat flour. 

Farina. 

Corn starch. 

Sago. 

Rice flour. 

Tapioca. 

Dextrin. 

Soluble starch. 

Iceland and Irish moss. 

Gum tragacanth. 

Gum tragasol. 

( 6 ) Softening Materials. 

The starch or gummy materials mentioned above, 
when appHed in the pure state to the yam. render it too 
Stitt and harsh for satisfactory weaving, and it is 
necessary to add something that wiU give pliability and 
softness to the sized threads. 

The softening materials generally employed are as 
follows;— 


Tallow. 

Palm oil. 

Castor oil. 
Cotton-seed oil. 
Coco-nut oil. 
Stearine. 

Parafiin wzix (not for 
bleached fabrics). 


Japan wax. 
Spermaceti. 

Oleine oil. 

Soap. 

Magnesium chloride. 
Calcium chloride. 
Glycerine. 

Glucose. 
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(c) Antiseptics. 

Flour, which is one of the most common ingredients 
of size, is a material well suited for the growth of 
mildew provided the conditions are favourable. To 
prevent the possibility of the formation of mildew it is 
necessary to make a further addition to the size, in the 
form of a " poison ** which is termed an " antiseptic." 

The antiseptic most frequently employed is :— 

Zinc chloride. 

Other antiseptics less frequently used are as follows:— 

Zinc sulphate. Salicylic acid. 

Carbolic acid (phenol). Th 3 rmol. 

Cresylic acid. Foimaldeh^^de. 

(^2) Remarks, 

It will be noted that the quality and quantity of the 
sizing materials used vary considerably. They differ 
in chemical composition in the properties that they 
impart to the yam, and are as a rule more liable to 
undergo chemical change than cotton. The materials 
employed as softeners in sizing sometimes contain 
appreciable quantities of free add and other impurities. 
Moreover, wax may prevent the varnish from adhering 
firmly to the fibres. 

If size ingredients are left in a fabric, chemical action 
may develop which will be injurious to the cotton and 
the varnish. Thorough scouring therefore appears to be 
essential, and only such materials should be used in 
size as are harmless and can be removed readily from a 
fabric by scouring. 


APPENDIX II, 
Miscellaneous. 

65. Selection op Suitable Cotton Yarns. 

The selection of suitable counts of cotton yams, the 
determination of whether the yams shall be carded or 
combed, single or folded, and the number of spinning or 
spinning and doubling twists to be put into each inch of 
yam are matters of great importance. 

A count of yam may be too high or too low for a 
given fabric, but the nature of the processes adopted to 
spin and double a yam will in other respects determine 
its suitability. 

The quality of a yam is determined by the properties 
of the fiSi^es of which it is composed and by the treat¬ 
ment they receive. For example, a carded yarn is 
inferior to a combed yam in strength, uniformity of 
stmcture and homogeneity, even when both are made 
from the same class and grade of cotton. The number 
of spinning twists per inch of thread has a marked 
effect upon the strength of die thread, and doubling 
affects it still further. 

Single commercial cotton yams are much cheaper than 
folded yams of equal count, and are spun from cotton 
of less value than that used for folded yams. Two-fold 
commercial yams are 26 per cent (or^more) stronger 
than single yarns of equal count. ^ When, however, 


single and folded yams are spun frosa the same cotton 
the difference in strength will be le^, as exceptionally 
good cotton is used for the single yam, whilst normal 
quality cotton is employed for the two-fold yam. 
Single and two-fold yams of equal count differ in every 
respect, except that the same length of each has the 
same weight. 

Good two-fold yams are stronger, more durable, 
moire uniform in strength and aiameter than single 
yams of equal count. ^ 

66. Twist in Yarn. 

Spinning twist binds together the short fibres com¬ 
posing a yarn and thus prevents them from slipping 
asunder when the yarn is subjected to tensile stress; it 
is a compression force that appears to act on the fibres 
in arithmetical retrogression. Thus, assuming a thread 
to have 12 twists to 1 inch, the sum of the numbers 
1 to 12 is 78, and the compression which results from 
the first twist is 12/78 of the total compression; that 
of the second twist equals 11/78 and so on down to the 
twelfth, which equals 1/78. The number of spinning 
twists, however, and the strength of a yarn are not 
comparable, for each additional twist strengthens the 
yam until a certain number per inch has been reached 
and then the strength decreases with each additional 
twist. Moreover, neither the increase nor the decrease 
in strength per twist is uniform. Twist has ceased to be 
beneficial when a shearing stress is produced, but this 
occurs after the maximum strength is attained. A yam 
possessing the maadmum strength is always hard, and 
has a tendency to l^k and to snap when under tensile 
stress. Varnish cannot readily permeate a hard spun 
or twisted yam, and in comparison with a normally 
twisted yarn of ec[ual count there are larger interstices 
between the threads of a fabric. 

A spinner generally puts the minimum number of 
twists into a yam, as each additional twist reduces the 
output of a machine. Slight changes, however, have to 
be made from time to time as the spinning properties of 
one consignment of cotton differ from those of another. 
The twist is based upon the square root of the count 
number multiplied by a constant, but spinners of 
different cottons use different constants. 

The strength of a yam is also influenced slightly by 
the direction of the twist during spinning. In the 
textile industry the direction of twist is referred to as 
** twist way " and " w'eft way " \ the former means that 
the fibres are twisted clockwise and the latter counter¬ 
clockwise. 

57. Selection of a Suitable Weave. 

The type of the weave influences the number of wa^ 
and weft threads that may be used .with advantage in 
each inch of fabric, and upon the number selected the 
value of the resulting fabric will depend to a large 
extent. With a plain weave it is impossible to use as 
many threads per inch as witli such weaves as matt, 
twill, satin and double texture, but a plain weave holds 
every thread in position ^ more securely than those 
mentioned above. It is on this account that plain 
woven fabrics tear so readily, as when a tearing stress 
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is applied the thr^ds break one by one in regular suc¬ 
cession. In less fi?rmly united fabrics the threads slide 
against each other when under stress, and this prevents 
them from being broken singly. The bursting strength 
of a plain woven fabric is also less than that of any of 
the weaves mentioned above. 


percentage, and the values have been agreed upon in tlie 
textile industries, as follows 


Material 

Cotton .. 
Linen .. 
Silk 


Percentage regain 

.. Si 
.. 12 
..11 


68. Information regarding Regain. 

(а) When referring to weave, the term ‘‘ regain 
denotes the difference Ijptween the length of a fabric 
and that of a thread when removed from the fabric. 
Regain is, in general, an indication of good or bad 
weaving,’*' for, if it is different in the warp and the weft 
of a scoured plain woven fabric, the fabric will not 
stretch uniformly under tensile stress in both directions. 
If the regain in the warp exceeds greatly that in the 
weft it suggests that the tension upon ^e warp was 
insufficient during weaving. Should the regain in the 
weft exceed greatly that in the warp the inference is 
that the warp was excessively taut during weaving. 

(б) When referring to moisture, the term regain 
denotes the percentage to be added to the dry weight of 
a material in order to obtain the weight of that material 
under normal humidity conditions. 

The amount of regain is a more or less arbitrary 

* This is a highly technical matter, and depends on the weight and build ol 
the fabric. 


Note. —^Many materials are naturally hygrosoopic, i.e. 
possess the property of absorbing moisture from the 
atmosphere. The factors controlling the amount are 
various—the principal being temperature and humidity 
of atmosphere. 

Under normal conditions there is an average moisture 
content which is peculiar to the material in question. 

Textile fibres possess this property in varying degrees, 
depending to some extent on origin and manufacture. 

In buying and selling, therefore, on a basis of weight, 
the moisture content becomes a very important factor. 

There are officialconditioning houses "" which deter¬ 
mine the moisture content, and therefore the dry 
weight of the raw textile materials, by drying to con¬ 
stant weight at 105'’ C. to 110® C. To this dry weight 
is added a fixed percentage, which is assumed to be 
the percentage moisture content due to normal condi¬ 
tions of temperature and humidity. The new total 
weight is the "normal" weight for these conditions. 
The fixed percentage added is the " regain." 




NUTTALL: A SURVEY OF AUTOMATIC A.C. PROTECTIVE APPARATUS. 


147 


% 

I 

A SURVEY OF AUTOMATIC ALTERNATING-CURRENT ^'PROTECTIVE 

APPARATUS. 


By B. Nuttall, Student. ^ 

(Abstraci: of paper read before the North-Western Students’ Section, 19/^ February» 1924.) 


Essential Characteristics for an Ideal 
Protective System. 

(1) Instantaneous isolation ,—Faults must be cleared 
quickly whilst only a small current is flowing, thus 
greatly reducing their destructive effects so that sound 
sections are not isolated and thus cause tlie supply 
to numerous consumers to be interrupted. 

(2) Property of discrimination ,—^The apparatus should 
not operate on a heavy overload such as may be caused 
by a fault external to the area being protected. 

(3) Finality in adjustment —Once the protective 
gear is installed and adjusted on any feeder, there 
should be no readjustment of rela 3 rs to suit any later 
modifications in any part of the network. 

(4) Simplicity of apparatus ,—^The number of trans¬ 
formers and other component parts should be kept 
down to an absolute minimum as, generally speaking, 
the simpler the apparatus the more reliable it is in 
operafion. The installation of a protective device 
must not incorporate any component part which is more 
liable to get out of order than the apparatus which it 
is desired to protect. 

(6) Adaptability to existing gear ,—^With this should 
be associated flexibility for future extensions. 

Protection of Independent Feeders. 

The removal of a fault on this type of feeder is neces¬ 
sarily accompanied by a temporary shut-down of the 
plant ffed by the defective feeder. The object of pro¬ 
tective gear for this type of feeder should be to confine 
the trouble to the part ini question, and reduce to the 
smallest possible amount the duration of the dangerous 
condition. The following devices in more or less varied 
forms are employed for this purpose. 

Plain overload devices ,—^The tendency except on very 
small systems (where fuses are installed) is to employ 
automatic circuit breakers in order to rupture the circuit 
safely with a minimum amount of disturbance, and 
thus save delay and expense in restoring the circuit. 
The drawback in most cases with plain overload trips 
is that"' ^ansitory surges or momentary overloads 
necessitate settings which must be high enough to 
prevent the automatic features of the breakers from 
functioning and thus causing undesirable interruptions 
to supply. This procedure will result in the dangerous 
conditions—^which it is desired to avoid—being per¬ 
mitted on the system, and these may be serious enough 
to cause extensive damage to the plant. 

. Time-limit overload devices ,—^To overcome this diffi¬ 
culty a device having an inverse time limit is usually 
employed. Two distinct types of time elements are 
available ; one in the font erf fuses and tie other embody¬ 


ing some kind of air or oil Sashpot device,* or a piece 
of clockwork or equivalent mechanical device. 

Leakage devices ,—^The modem tendency is to dis¬ 
connect circuits when the insulation becomes so defective 
as to permit small leakages of current, for if these leaks 
are allowed to remain on the system and develop, there 
is a risk of fire and shock to the system, due to open 
sparking at the point. Overload devices will not protect 
against this condition, although if the leak occurs between 
phases it will probably develop into a short-circuit and 
thus cause the overload device to operate. All three- 
phase s 3 rstems have their mid-point earthed through 
condensers connected in star fashion through the capacity 
of the cable. If there be no earth fault on any particular 
feeder or on the network connected thereto, the sum 



Fig. 1.—Zigzag method of earthing an insulated system 
by means of a static balancer. 

total of the currents in the three cores must be zero 
at any instant. 

Assume that a fault to earth develops on one phase, 
thus bringing this point of tlie S 3 ^tem to earth potential. 
The capacity current from the other two phases must 
find its return path through the third phase lead, 
but as this lead is at earth potential the current cannot 
be passing via the dielectric and therefore the whole 
of the capacity current must pass from earth to the 
third phase via the fault. 

A ring-t 3 ^e transformer of special, design can be 
designed to operate a relay with 20 amperes fault 
primary current (or even less), and thi^ relay may in 
turn close the trip circuit of the circuit breaker. We 
should thus have a protective arrangement capable of 
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> being applied to ^ any extensive distribution with 
unearthed neutral, whereby any cable would be auto¬ 
matically disconnecxed should a core develop a fault 
to earth, and this without any excessive rush of current 
with consequent .shock to the system. The same 
result would be obtai.ned in a system of much smaller 
capacity by connecting the neutral point to earth 
through a relatively high resistance, capable of passing, 
say, only 20 amperes ft a pole became earthed. From 
the above it will be seen that it is advisable to earth 
the star connection of the<S 3 rstem or, if this is not avail¬ 
able, to earth the S 5 rstem through a transformer con¬ 
nected across the phase bars in zigzag fashion, one 
arrangement of accomplishing this being shown in 
Fig. 1. 

Lealcage devices operating on the principle outlined 
above are of two types; one in which the magnetic 
balance of the cores is utilized, and the other the current- 
balance method. 


Protection of Interconnectors, Ring Mains and 
THE Component Pieces of Apparatus of 
Generation, Transmission and Distribution 
Systems. 

Under normal conditions the flow of power in an 
interconnector or ring main may be in either direction 
according to tlie load tal^en by the substations or large 
consumers'* teed ** ofl orconnected directly to the system. 
It follows, therefore, that reversal is not a sign of leakage. 
This does not infer that reverse relays cannot be em¬ 
ployed but is mentioned to point out that the use of 
rev^e-power relays, even with a selective timing 
action, is restricted to comparatively simple arrange¬ 
ments. The use of reverse-power relays has a fairly 
wide range of application on existing systems, where little 
expenditure or little modiflcation to switchgear is 
required, or where there is little or no S3nichronous 
machinery to fall out of step due, in certain cases, to the 
large time-lag on the relays. 

The ]\d6yz-“Pyic6 systems of pyotection ,—^There are two 
distinct types of protection under this heading, 
the circulating-current S 3 ^tem and the balanced- 
voltage system. In each case a facsimile ot the primary 
circuit condition at each end of the apparatus to be 
protected is reproduced in the secondary connections 
through the medium of current transformers, and 
these conditions are compared through the intercon¬ 
nection of the tr^sformers by means of a pilot cable 
to determine whether the circuit conditions are normal. 

Fig. 2 illustrates diagraramatically the circulating- 
current system, while the balanced-voltage system is 
shown in P'ig. 3. 

It will be observed that in both types a leak must 
occur within the protected zone for an unbalanced 
condition to be present in the secondary circuit. This 
unbalanced condition causes a current proportional 
to the leak to flow through the coil of the relay, and 
use is made of this facsimile of the piimaxy leakage 


current, either directly or indirectly, to trip the breakers 
m the protected zone. 

Compensated - pilot balanced voltage Hunter - Beard 
system. —^To eliminate the capacity effect of the pilot 
wires and thereby increase the stabihty and sensitive¬ 
ness of the relays, , the compensated-pilot system was 
invented. In this system each core of the pilot cable 
is surrounded by a sheath which is discontinuous at 
the centre, so that all the capacity current must flow 



Fig. 2. —^Diagrammatic representation of the Merz-Price 
circulating-current system of protection. 

from the core to the sheath. The sheath is connected 
in such a way that the capacity current circulates in the 
circuit comprised by the pilot core, sheath and pro¬ 
tective transformers. Consequently the capacity cur¬ 
rent is shunted from the relay coils, and the irystem 
becomes immune from any tendency to operate due to 
the passage of heavy short-circuit currents. 

Mers-Hunter split-conductor protective system. —This 
system may be looked upon as a parallel-feeder system 
or duplicate ring-main system, having the advantages 
that for a given total current-carrying capacity, (1) it 
is more economical both from the point of view of 
initial cost of cable and switchgear and also from 



Fig. 3. —^Diagrammatic representation of the Merz-Price 
balanced-voltage system of protection. 

economy in operation, and (2) it is more sensitive to 
faults and more rehable in operation than separate 
cables protected by interlocked current-balaiSce relays, 
Merz-Price balanced-voltage or other feeder systems 
which necessitate separate cables for each three-phase 
circuit. The S 3 rstem can also be applied to a limited 
extent to- parallel feeders of similar capacity. The 
principle of operation is based on the fact that parallel 
conductors of equal impedance will share the current 
equally. 
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THE EFFECT OF OXIDATION ON THE HIGH-FREQUENCY ^RESISTANCE 
X)F AERIAL WIRES: WITH A NOTE ON MEASfURING THE 
^ RESISTANCE OF THICK WIRES.* i 

By L. B. Turner, M.A., Member. ^ 

(Paper received September, 1924») 


Summary. 

Measurements are made on thick solid and stranded wires 
to ascertain the effect on their high-frequency resistance 
of the oxide film formed by weathering. It is found that 
the weathering produces no sensible effect, under either 
dry or wet conditions. 

The several methods of measuring high-frequency resistance 
are compared in respect of their suitability for determining 
the resistance of stout straight conductors. 


(1) Introduction. 

Recently studied methods f of reducing earth losses 
occurring near the aerial in high-power wireless trans¬ 
mitters have so much reduced the total resistance of 
the aerial circuit that the heat losses within the copper 
aerial and earth wires themselves assume considerable 
importance. Each of the wires, being substantially 
straight and remote from its neighbours, possesses a 
high-frequency resistance exceeding the direct-current 
resistance sensibly only on account of the skin effect **; 
and this in straight, solid, circular, isolated conductors 
is calculable from well-known theoretical formulae. J 
The wires of an aerial or earth system are, however, 
often stranded, so upsetting the circular distribution of 
current density on which the skin-effect calculations 
are based; and they are, moreover, usually coated 
with a more or less insulating covering of oxide or 
sulphide. 

Theory indicates that with the solid wire the effect 
of such oxide film must be a rise in the high-frequency 
resistance, and it did not seem certain that there might 
not be—^perhaps at the oxide-metal surface or in rain— 
a poorly conducting layer in which considerable losses 
would occur. With the stranded conductor the film 
might cause either a rise or a fall in the high-frequency 
resistance, according to the completeness of the insula¬ 
tion between the strands. 

An adhiirable series of measurements on thick wires 
of various forms has been made by Kennelly and Affel.§ 

♦ The Papers Committee invite written communications (with a view to 
publication m the Journal ii approved by the Committee) on papem published 
m the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

t For example, Alexanderson*s multiple-earth antenna (Proceedings of the 
InstUute of Remo Engineers, 1920, vol. 8, p. 268); Meissner’s multiple earth 
connections (Jahrbueh der drahUosen Telegraphie, 1921, vol. 18, p. 822) and 
T. L. Eckerslev’s earth screen (Journal 1922, vol, 60, p. 681). 

1 It happei^ that aerial wires often lie between the useful ranges of the 
Rayleigh and Russell formulae; but the compr^ensive tables of Pedersen 
(Jahrbuch der drahtlosen Telegraphie, 1911, vol, 4, p. 606) or Circular No. 74 
of the Bureau of Standards, p. 309, may conveniently be used. 

^ Skiu-efiect Resistance Measurements of Conductorseat Radio Frequencies 
up to 100 000 Cycles per Second,” Pr^eelHngs of the InsHHde of Radio J^ngineers, 
1916, vol. 4, p. 628. 

Vol. 63. 


Their results with solid, round wires agree closely with 
theory; but although they investigated stranding they 
do not appear to have examined the effect of oxidation. 

For these reasons the present measurements were 
made * on new bright and old black samples of solid 
and stranded wire, at wave-lengths ranging from 4 000 
to 20 000 m. The familiar method was employed in 
which the resistance of the specimen is determined as 
the differences between the resistances of an oscillatory 
circuit when the specimen is included and when it is 
excluded. 

In view of the suspicion with which high-frequency 
measurements of this sort must always be regarded by 
the critic t—and more especially when, as here, the 
conductor whose resistance is to be determined neces¬ 
sarily occupies a large space—^the first series of resistance 
determinations was made in two quite different ways: 

(1) by the inserted resistance method (Lindemami), in 
which the unknown resistance is obtained in terms of a 
known resistance; and (ii) by tlie distuning method 
(Bjerlcnes), in which the unknown resistance is obtained 
in terms of known capacities and frequency. 

(2) Tests with Solid Hard-Drawn Copper Wire, 

160 Lb./Mile. 

The test circuit employed is shown in Fig. 1. Here 
Rn and Rq are the specimens of wire, new and old t 
respectively. Each was about 106 m long, wound in a 
zigzag form (a very flattened helix) over two parallel 
strips of wood as shown in Fig. 2. One or both of 
these specimens was short-circuited by the plug switches 

and Pg. 

The main inductance coil Lj consisted of 4 open 
spirals of copper tape, about 68 cm in diameter and of 
overall axial length 28 cm. The spirals were mounted 
on an axial wood rod, and were connected in series. 
The coupling coil Lg (stranded wire, inductance 21ju»H, 
d.c. resistance 0*20 ohm) served to couple the test 
circuit very loosely to a triode oscillator set up at a 
distance. 

The known resistance (r), insertable by removing the 

• At the Eagineering Laboratory, Carabridge. The vm supplied by 
the Post Office Engineering Dept., and the inductance coil ra the test 
was loaned from the Wireless Section, Engineer-m-C3iief s Office, G.P.O., for 

t every serious exp^dmentalist with high-frequency currents knows ttat 
a good deal of experience, and after that a good deal of care, ^ required if 
quite gross errors are to be avoided. For an elaborate ex^ination of the 
conditions for predsion in this type of measurement, see S. Lobwe (janrbuen 
der drahUosen Tdegraphie, 1918, vol. 7, p. 865). With tedious precautions 
and correictions Loewe was able to reduce me final uncertatety to some 0* 6 per 
cent. His difficulties, however, would have been somewhat reduced by the 
use of the modem triode generator. 

I L; use on a Post Office line for about 20 years. • 
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" plug Pj, was of ^ne eureka wire, and its value was 
either 1 or 2 ohmsfrthroughout the tests. 

The condenser Ctwas a mica plug box of high quality, 
supplemented by ^ adjustable air condenser showing 
a d.c. insulation resfetance of over 100 megohms. 

* ^ 

Table 1. 


-- 1 - 

New specimen in circuit, old short- 
circuited .. .. , 

ohms 

M6 

1035 

Old specimen in circuit, new short- 
circuited .. 

1-18 

1038 

New and old short-circuited 

0-66 

930 

Hence :—New’^ specimen 

0*50 

105 

Old specimen 

0*62 

108 


The measuring instrument M.V. was a Moullin volt¬ 
meter, calibrated by the malcers between 0*4 and 1*5 
volts at some acoustic frequency. The proportionality 
of the scale markings was checked at a wave-length of 
4 Ian and found to be accurate. 

In method (i), two tuned voltmeter readings 
and Fg are obtained,* respectively without and with 
the known resistance (r) in circuit. The resistance B 
of the whole circuit (excluding r) is then given by 
B = r/{l — (Fi/F,)}. In method (ii), if 0^ and 0, 
are the capacities at which the voltmeter reading is 
ll^/2 of tlie tuned reading,! then 

B « 1 060A(ai - C72)/(C7 i -I- 0^)^t 

where B is measured in ohms, A in metres, and 
and Og in micromicrofarads. The resistance of the 


measurements made at the terminals of condenser C 
(set to zero) are set out in Table 1. 

In order to exhibit the sort of agreement between 
resistance values measured by the two methods, they 



Fig. 1. 


are set out side by side in Table 2, under “ Circuit 
only " for the circuit of Fig. 1 with and Pg plugged 
under 'Circuit-F - for plug P, out, and undei 
“ Circuit -j- Ro for Pg out. 



It will be seen that there is good agreement between 
the two independent methods; and it may be inferred 
that, even with an exceptionally awkward and wide- 


Table 2. 


Measured BesisiauceSt Ohms** 


— —- r 

Wave-length 

Circuit only 

Circuit + R„ 

Circuit + Ro 

Method (i) 

Method (ii) 

Method (i) 

Method (ii) 

Method (i) 

Method (ii) 

km 

4 

6 

8 

10 

15 

20 

3-12 

2*18 

1-72 

1-54 

1 33 

1-22 

3-09 

2-13 

1-78 

1-56 

l-3i) 

1*24 

4-88 

3-46 

2-77 

2-44 

2-04 

1-75 

4-55 

3-35 

2-79 

2-43 

2-03 

1*81 

4*88 

3-45 

2*77 

2*44 

2-04 

1*75 

4-66 

3-32 

2-77 

2-44 

2-04 

>81 


• That the 4th and 6th colnnms are exactly alike Is accidental: it Is not due to a mistake in transcribing the flgnres, 


specimen, R„ or Ro. was found as the difference of the 
tneasured resistances of the whole oscillatory circuit 
when the specimen was included and when it was 
short-circuited. Two pairs of voltmeter or condenser 
readings were thus necessary for each determination. 

The results of direct-current and low-frequency 

t te &i“'^<5t:’"‘ volt, 

t ^ damped djTQuits 


spread circuit such as obtains here, reliable measure- 
ments of high-frequency resistance can be m ari e bv 
either method. 

The values of the high-frequency/direct-current 
resistance ratios taken from Table 2 [means from 
methods (i) and (ii)] are set out in Table 3. This table 
cl^ly shows ;fhat the presence or absence of a dry 
Qxule film is quite without practical significance in solid 
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Table 3. 

High-frequeiic\f/Direci-current Resistance Ratios for 
Specimens of New and Old Solid Wire, 


Wave-length 

% 

New wire . 

Old wire 

km 

. 4 

3*22 

3*22 

6 

2-50 

2-37 

8 

2-06 

- 1*96 

10 

1*78 

1*71 

16 

1*38 

1*36 

20 

1*10 

1*06 


wires of such, size and at such wave-lengths as here 
tested. 

The effect of wetting was examined at wave-lengths 
of 4 and 20 km by thoroughly spraying the wires with 
rain water from a rose sprayer. In no case did the 
resistance of the specimen change by as much as 1 per 
cent. 

(3) Tests with Stranded Phosphor-Bronze Wire 
(7/19 S.W.G.). 

This series of tests resembled that of section (1) 
almost precisely except that only the inserted resistance 
methoid [method (i)] vras used, and that most of the 
space previously occupied by both solid specimens 
side by side was now occupied by either the new or 
the old stranded specimen. Measurements were there¬ 
fore made at all wave-lengths on one specimen, which 
was then unwound and replaced by the other specimen. 

The lengths of wire were each about 161 m; the 
d.c. resistances were 0*97 ohm (new) and 0-96 ohm 
(old). The observ'-ed high-frequency/direct-current resis¬ 
tance ratios are given in Table 4. 

^ Table 4. 


High-freqttencyI Direct-current Resistance Ratios for 
Specimens of New and Old Stranded Wire, 


Wave-length 

New wire 

Old wire 

km 

• 


4 

3*39 

3*40 

6 

2-82 

2*90 

6 

2*41 

2*40 

8 

2*00 

2*01 


1*66 

1*71 

15 

1*39 

1*48 

20 

1*21 

1'26 


As in the case of the solid wire, wetting had no 
perceptible effect. 

Again we find no important’ change of resistance due 
to oxidation, wet or dry. 

As. a further deduction from the results of these 
tests on aerial wires, it seams very inprobabla that 
apprelciable gain is to be Mhd by lacquering (or silver¬ 


plating) the large copper tubing uted for inductance 
coils and connections in transmittingf circuits. 


(4) Methods of Measuring Re/istance of Thick 
Wire. J 

The circuit method of resistance measurement, in 
either of the two forms here u®d, is so convenient, 
employing only simple apparatusnound in any wireless 
laboratory, that it is worth inquiring whether the 
measurements described axe capable of giving the true 
resistance of straight thick conductors such as may be 
used for aerials and earths. Two other methods have 
been employed for this purpose. Fleming* devised a 
balanced calorimetric method which appears to have 
given satisfactory results with very short lengths of 
rather thin conductors ; and Kennelly and Affel f have 
published a full and excellent account of measurements 
of small resistances by a bridge circuit, in which the 
resistance of the specimen in one arm is balanced by 



Fig. 3.—High-frequency/direct-cuixent resistance ratio 
for solid copper wire, 300 Ib./inile. 


a known adjustable resistance in the other arm. Both 
these methods are more direct than the circuit method, 
but they require much more specialized apparatus 
which cannot be assembled from the everyday equipment 
of a laborato:^. 

Fig. 3 shows the calculated (i.e. true) high- 
frequency/direct-current resistance ratios for straight 
solid copper wire of 300 Ib./mile (diam. 0*36 cm), 
together with values obtained experimentally precisely 
as in the case of the stranded wire in section (3), The 
divergence between the two curv^ shows that the 
form of the specimen and/or the circuit conditions 
were not such as to yield the resistance ratios actually 
sought.^ In the following examination of the circuit 
method of measuring wire resistance, these tests on 
the 300 Ib./mile wire form a convenient case for numerical 
reference. 

Since the resistance (say a) of the specimen is obtained 
as the difference of the resistances of the oscillatory 
circuit with and without the specimen (say A + ^ 
respectively), a must not be very much smaller than A, 
In the present instance A and a were about 2 ohms 
and .1 ohm respectively.§ In order to make a as large 


* Principles of Electric Wave Telegraphy and Telephony,” 3rd edn., p. 144. 

, I twi'does not vitiate the compa^on betwen new {“ 

sections (2) and (8), since the new and old specimens were m^e rigorously 

km wave-length, J. 1*80 ohms, a - 1*02 ohms; d.c. resistance 
specimen «« 0 'SIO ohm* * 
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as this, it was ne(#fessary to use as much as 161 m of 
the wire to form |he specimen, which in consequence 
had very consideraMe stray capacities and an inductance 
of 214 /tH (22 per c^t of that of the rest of the circuit). 

It would be difiicijt and costly to build up a circuit 
with much smaller resistance A using a coil of 
inductance (I^ of I*fg. 1) ; and if the circuit were 
reproportioned with i^uch smaller and correspond¬ 
ingly larger C, the change in the latter on retuning 
when the specimen is cut out would be so large as to 
necessitate an accurate ’^knowledge of the condenser 
losses. 

We are thus driven to use a large coil and a large 
length of wire in the specimen, and two factors making 
for error have therefore to be faced, viz. 


at the shorter waves, the error does not approach the 
discrepancy existing between the curves of Fig. 3. 

The error caused by the stray capacity bridging the 
coil is likely to be smaller, 'xhe self-capacity of L. 
is not likely to exceed 200/i/tF, and as the coil inductance 

r 

Table 6. 


y 

filR 

600 miF 

1*06 times 

1 000 hijlF 

1*10 times 


(а) Effect of stray capacities, and 

(б) Effect on each portion of the specimen of the 

neighbouring portions (proximity effect). 

(^) of stray capacities ,—In the circuit of Fig, 4, 

L K 

—rTHTiP—V\Ar-i— 

.1 1 ^ 

^HI-WMMr-J 



Fig. 4. 


is 96 /tH the ratios here would not exceed pjR = 1*09. 
Since the coil remains in circuit whether the specimen 
is in or out, its self-capacity causes error only in so 
far as it is altered by short-circuiting the specimen. 

(6) ProxvMity effect .—It is possible to estimate this 



where y may represent iiie self-capacity across a portion 
L, R of the circuit, it is easily shown 

6/» = R' + [l/(o2 -I- -f hpL) 

+ 3{apL — &R H- (o2 68) (p£' _ IjpO)}] * 

whereo =: 1 - b =pBy, and/ = •\/( - !)• When 
the circuit is tuned for maximum i by adjustment of 
P or L', the imaginary term vanishes and the LBy 
impedance becomes a pure resistance, say p. where 
= (alt + hpL)l(a^ + b^).* 

Substituting for a and 6, and solving for R, we find 
ji» — ~ Vi^ — '^W(l — P^Ly)^) ^ 

2p8y2p 

N P(1 - 


when 4 p 8 y 2 ^ 8 <-<-1, as in cases of stray capacity wilh 
Ly fax b^ow resonance. 

To frame a rough estimate of the self-capacity of the 
specimen, we may note that the static capacity between 
two parallel wires 161 m long. 0-176 cm radius, separated 
3 cm, would be some 1 400 pfiF ; so that we may take 
(isay) 600-1 OOOfifiF as the ideal concentrated capacity 
shunting our specimen, whose inductance is 214 uH. 
At 4 km (p8 =2-23 x 10^^), the measured value would 
in consequence exceed the true value of the resistance 
as shoTO in Table 6. Hence, although appreciable 
correction for self-capacity of the specimen is needed 




effect in our actual specimen only roughly, as the long 
pieces of thick wire, though nowhere allowed nearly to 
touch, spaced themselves unevenly except near the 
supports at the ends. Howe has shown* that an 
alternating magnetic field of frequency p/{ 27 r) and 
amplitude H C.G.S. electromagnetic units perpendicular 
to a round non-magnetic wire of radius r cin and re¬ 
sistivity p ohms per cm . cube produces eddy-current heat 
at the rate of (l/p)p 2 ^M x 3-93 x 10-17 ^att per cm 
run. Remembering that is inversely proportional to 
the square of the space between wires, we may guess 
1 or 2 cm as the equivalent uniform spacing in our 
specimen, and, doing- so, may take the field cutting 
ea.ch wire as nearly that due to a single neighbouring 
wire. Using the above formula, we then find for the 
161 m of copper wire, 0*176 cm in radius, at 4 km 
wave-length, a resistance additional to the straight- 
wire value of 6*1 or 1*6 ohms respectively.'" As the 
measured resistance at this wave-length was 3*2 ohms, 
it is clear that the proximity effect we are examining 
is competent to explain the discrepancy, 

(6) The Most Suitable Method. 

Although the circuit here used might with advan¬ 
tage have been modified in its dimensions—^notably 
in spacing out the specimen more uniformly and 
widely ^it is clear from the foregoing analysis that 
the circuit metfiod is open^torserious objections for the 

• Prouedings ofjhs Royal Soeitty, A, 1916-17, vol. 93, p. 471 . 
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measurement of the resistance of stout conductors; 
moreover, the difi&culties discussed cannot be avoided by 
any variation of the manner in which the circuit resist¬ 
ance is measured, such as Pedersen's mercury-switch 
condenser-discharge method.* On the; other hand, the 
calorimelric method is necessarily slow and troublesome; 
and, while it is capable of measuring quite short straight 
wires—cm in Fleming’s apparatus—^it requires the 
production and accurate measurement of large high- 
frequency currents. To develop heat in the specimen 
at the same rate as in Fleming’s apparatus (about 

• Wireless World and Radio lUoieWt 1022, vol. 10, p. 186. 


1 watt per metre) a conductor nf larger than our * 
300 Ib./mile wire would require, atfthe wave-length of 
20 km, a current as large as 18 amjAres. 

Some bridge arrangement, such Jus used by Kennelly 
and Affel,* seems to be much the most suitable. Their 
circuit is shown in Fig. 5, copiedffrom their paper, in 
which X is the specimen balan^d by adjustment of . 
L and R, and D is the detector. fThey used a generator 
current of some 6 amperes, and were able to measure 
low resistances such as 0*2 ohm with an uncertainty 
of only one-third of 1 per ceift. 

• Loc.eit. 
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Members Practising as Consultants. 

The attention of the Council was recently drawn to an 
advertisement of a Local Authority in which Chartered 
Electrical Engineers were invited to submit, in com¬ 
petition with each other, their terms for professional 
advisory work. 

In the opinion of the Council such a proceeding is 
undesirable and not in the best interests of the Local 
Authority requiring advice. 

The "Council would consider it to be a breach of pro¬ 
fessional etiquette for a member of the Institution to 
reply to such an advertisement. 

Where the names of a sufi5.cient number of qualified 
consultants are not known to a Local Authority, the 
President of the Institution will always be willing to 
submit the names of qualified engineers for tire purpose. 


Associate Membership Examination Results: 
October, 1924. 

^ Passed, 


Amerasinghe, R. P. (Lon¬ 
don). 

Bowden, G. H. (Hengoed). 

Brakenridge, W. D. (Man¬ 
chester). 

Carter, J. W. (Birming¬ 
ham). 

Graham, E. E. (Durham). 

Groves, T. J. (Derby). 

Harris, T. E. (Blackheath, 
Londop)^. 

Horowitz, H. (London). 

Illingworth, T. (Norwich). 

James, R. F. E. (Bilbao, 
Spain). 

Jones, D. W. G. (New 


Lieberg, O. S. W. (London). 

Morley, E. W. L. (Welling). 

Murray, R. B. (Sale). 

Newbery, A. F. (Birming¬ 
ham). 

Payne, N. B. (London). 

Rayner, F. J. (Luton). 

Redshaw, C. C. (Llanrug). 

Sdar, I. (Cowdenbeath). 

Steele, W. H. (Pontypridd). 

Strickland, A. M. (Pen¬ 
rith). 

Swale, W. E, (Stoke-on- 
Trent). 

Welch, F. M. (Whitley 
Bay). 

White, E. J. (Hartfield). 


Ferry). 

Ipine, J. A. C. (London). Williams, O. D. (Llanelly). 
Wright, C. H. (Manchester). 

Passed Part I only. 

Bishop, J. C. (Southampton) , 


Passed Part II only. 

Barron, W. (London). Jones, L. K. (Newport, 
Cater, C. (Harrow). Mon.). 

Cotsell, G. W. (Edinburgh). Paley, F. R. (Hove). 

HaU, M. H. (Sheffield). Wadham, G. A. (Shepper- 
Jackson, F. S. (Halifax). ton-on-Thames). 

Waring, A. J. (Torquay). 

Officers of the Corps of Royal Engineers. 

Passed. 

de Lotbinidre, 2nd Lieut. Rendell, 2nd Lieut. W. P. 

E. J. Treays, Lieut. W. H. 

Laurence,2nd Lieut.K.St.G. Waring, 2nd Lieut. E, 

Further results relating to candidates who sat for the 
Examination abroad will be published later. 

Associate Membership Examination. 

The next Examination will be held on the 2nd, 3rd 
and 4th April, 1926. Candidates must be either 
Students or Graduates of the Institution or have lodged 
with the Secretary a duly completed form "E" for 
election as Associate Member. Entry forms for the 
Examination, which must be completed and returned 
by the 1st February, may be obtained on application 
to the Secretary. 

Supplementary Reserve of Officers. 

The Council desire to draw the attention of members 
to the fact that it has been decided by the military 
authorities to form a Supplementary Reserve of Officers 
with a view to completing on mobilization the require^ 
ments of certain Arms and Branches of the Regular 
Army for which the existing Army Reserve does not 
provide. These requirements will be mainly technical, 
and officers commissioned into the Supplementary 
Reserve will be liable to serve, in the event of an emer¬ 
gency, with any unit or part of His Majesty’s Land 
Forces in any part of the world, and they will be liable 
to be called out on service when the Army Reserve or 
any part of it is called out by proclamation. The 
liability to be called out in aid of the Civil Power will 
not, however, be enforced. 

Officers will be divided into two categories, viz. 
those who are required to carry out trainin|; in peace 
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(Category B), andgthose who are not required to carry 
out any training oVng to their duties after mobilization 
being similar to th^jir peace-time professions (Category 
C). Personnel of hpth Categories are required for the 
Royal Kngineers, ai][d the Council hope that members 
of the Institution whp are eligible will offer themselves 
. for commissions in tlixt Corps. 

Candidates for commissions may be accepted from 
civil life, from the Regular Army Reserve of Officers, 
the Territorial Army, or the Territorial Army Reserve 
of Ofacers, and the maxinJum age limits are as follows 
For appointment as 

2 nd lieutenant or lieutenant .. 

Captain .. . 35 

Major .. 

Lieutenant-colonel .. .. 45 

Candidates must have qualified at an Army Entrance 
Ex^ination or have passed the Matriculation Exami¬ 
nation of a recognized university, or produce other 
evidence of their educational attainments. In addition, 
candidates will be required to furnish evidence of 
technical knowledge or qualifications fitting them for 
duty with the Corps. 

Full particulars are given in Army Orders Nos. 
284/1924, 286/1924, 286/1924, 287/1924, 299/1924 and 
343/1924. Copies of these Orders can be obtained on 
application to the Secretary of the War Office, London, 
S.W., and applicants are requested to state that their 
attention has been drawn to the scheme by the Council 
of the Institution. 

Representatives of the Institution on Other 
Bodies. 

The following is a list of representatives of the 
Institution on other bodies, and the dates on which 
they were appointed. 

Bradford Pnblio Libraries Committee s 
Mr. T. Roles (27 Feb., 1019). 

Bristol University: 

Mr. H. F. Proctor (6 Dec., 1917). 

British Association, Fuel Economy Committee: 

Mr. C. H. Wordingham, C.B.E. (9 Jan., 1919). 
British Cast Iron Research Association: 

Mr. E. B. Wedmore (36 Sept., 1924). 

* tionr Allied Industries Research Assooia- 

Mr. LI. B. Atkinson (2 April, 1919). 

Mr. F. Gill, O.B.E. (2 Nov., 1922). 

Mr. R. T. Smith (30 Oct., 1919). 

Mr. C. P. Sparks, C.B.E. (4 Oct., 1917). 

Mr. C. H. Wordingham, C.B.E. (4 Oct., 1917). 

Sectional Committee on Electric Control Apparatus 
Research : 

Major H. C. Gunton (2 Feb., 1921). 

Mr. C. H. Wordingham, C.B.E. (22 Nov., 1920). 

British Electrical Development Association: 

Mr. F. GiU, O.B.E. (13 Dec., 1923). 

Mr. R. Hardie (18 Jan., 1923). 

Mr. W. R. Rawlings (17 Jan., 1924). 


British Engineering Standards Association: 

Main Committee: 

Mr. LI. B. Atkinson (17 Jan., 1924). 

Col. R. E. Crompton, C.B. (17 Jan., 1924). 

Mr. C. H. Wordingham, C.B.E. (17 Jan., 1924). 

Sectional Electrical Committee : 

Mr. F. GiU, O.B.E. (21 May, 1914). 

Mr. J. S. Highfield (21 May, 1914). 

Mr. R. T. Smith (21 May, 1914). 

Mr. W. B. Woodhouse (19 Dec., 1918). 

Mr. C. H. Wordingham, C.B.E. (18 Nov., 1916). 

Sectional Committee on British Standards in Colonial 
and Foreign Trade : 

Mr. C. P. Sparks, C.B.E. (26 Oct., 1916). 

Sectional Committee on Colliery Requisites: 

Mr. C. T. Allan (3 July, 1924). 

Sectional Committee on Illumination ; 

Prof. W. C. Clinton (28 Feb., 1924). 

Lt.-Col. K. Edgcumbe (28 Feb.; 1934) 

Mr. P. Good (28 Feb., 1924). 

Mr. H. T. Harrison (28 Feb., 1924). 

Prof. J. T. MacGregor-Morris (28 Feb., 1924). 

Sectional Committee on Machine Parts and their 
Gauging and Nomenclature : 

Mr. J. H. Rider (8 Feb., 1917), 

Sectional Committee on Petroleum Products: 

Mr. H. W. aothier (1 Feb., 1923). 

Electrical Instruments Sub~Cemmittee .* 

Lt.-Col. K. Edgcumbe (15 Feb., 1923). 

Electrical Nomenclature and Symbols Sub-Committee : 
Mr. C. C. Paterson, O.B.E. (8 Jan., 1920), 

Overhead Transmission Lines Material Sub-Committee 
Mr. C. H. Wordingham, C.B.E. (30 Oct., ^1919). 

Pipe Flanges Sub-Committee: 

Mr. W. M. Selvey (14 April, 1921). 

Panel on Steel Conduits for Electric Wiring : 

Mr. H. J. Cash (28 Sept., 1922). 

Mr. F. T. AUdread (8 Dec., 1924). 

Panel on Switches. Ceiling Roses and Wall-plug Sockets: 
Mr. H. J. Cash (23 Jan., 1924). 

Mr. F. W. Purse (23 Jan., 1924). 

Sub-Panel on Graphical Symbols for Interior In¬ 
stallations : r- 

Mr. J. R. Cowie (13 Nov., 1924). 

Conference on Standardization of Ball and Roller 
Bearings: 

Mr. W. M. Selvey (26 July, 1921). 

Engineering Joint Council: 

Mr. J. S. Highfield (38 Feb., 1924). 

Mr. R. T. Smith (28 Feb., 1924). 

^”^dy** and Technology, Coveraing 

Mr. W. M. Mordey (f2 April, 1923). 
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Imperial Mineral Resources Bureau Conference: 

Mr. J. H. Rider (23 Jan., 1919). 

Mr. W. B. Woodhouse (23 Jan., 1919). 

Copper Committee : 

Mr. B. Welbourn (18 Sept., 1919). 

Miscellaneous Minerals Cmimittee: 

Fxqt E. Wilson (18 March, 1920). 

Institute of Metals, Corrosion Research Committee : 

Mr. W. M. Selvey (19 July, 1923). 

Institution of Civil Engineers, Engine and Boiler Testing 
Committee: 

m, R. A. Chattock (19 Oct., 1922). 

Mr. C. P. Sparks, C.B.E. (19 Oct., 1922). 

Institution of Heating and Ventilating Engineers, Com¬ 
mittee on Utilization of Exhaust Steam and Waste Heat: 

Mr. P. V. Hunter, C.B.E. (29 Sept., 1922). 

Mr. W. M. Selvey (29 Sept., 1922). 

Mr. J. C. Wigham (29 Sept., 1922). 

International Illumination Commission, British National 
Illumination Committee: 

Prof. W. C. Clinton (13 Dec., 1917). 

Lt.-Col. K. Edgcumbe (27 Nov., 1913). 

Mr. P, Good (18 Sept., 1919). 

Mr. H. T. Harrison (27 Nov., 1913). 

Prpf. J. T. MacGregor-Morris (27 Nov., 1913), 

International Testing Association: 

Mr. LI. B. Atldnson (29 May, 1919). 

Mr. C. C. Paterson, O.B.E. (29 May, 1919). 

Leeds Civic Society: 

Mr. E. C. Wallis (27 March, 1919). 

Leeds Municipal Technical Library Committee: 

Mr. W. B. Woodhouse (19 Dec., 1918). 

Loughborough Technical College, Advisory Committee: 

Mr. R. B. Leach (27 March, 1919). 

Metalliferous Mining (Cornwall) School Governing Body: 
Mr. J. S. Highfield (18 Sept., 1919). 

Middlesbrough Technical College, Governing Body: 

Mr. J. M. Gibson (1 Oct., 1924). 

Mr, A. M. Paton (1 Oct., 1924). 

Mines Department, Electrical Storage Battery Locomotive 
Committee: 

Mr. JR. T, Smith (7 Dec., 1922). 

National Physical Laboratory, General Board: 

Mr. LI. B. Atkinson (21 Oct., 1920). 

Dr. A. Russell, F.R.S. (22 Nov., 1923). 

NewcaBtle>upon<Tyne Chamber of Commerce: 

Mr. A. P. Pyne (13 Nov., 1919). 

* Professional Classes Aid Council: 

Mr. W. B. Esson (26 July, 1921). 

Itoyal Engineer Board: ^ 

Mr. C. H. Wordinghanfi C.B.E. (7 April, 1921). 


Royal Society: 

Alloys of Iron Research Commiitei: 

Mr. J. Swinburne, F.R.S. (16 1^23). 

National Committee for Physics M 
Dr. A. RusseU, F.R.S. (16 ijc., 1920). 

National Committee on Radio-mlegrapky: 

Dr, W. H. Eccles, F.R.S. (4 Aug., 1920). 

Dr. J. Erskine-Murray (3 July, 1934). 

Scientific and Industrial Research Advisory Council, Engi¬ 
neering Committee: 

Mr, J. S. Highfield (9 March, 1916). 

Society of Radiographers: 

Mr. S. W. Melsom (3 July, 1924). 

Mr. C. C. Paterson, O.B.E. (22 Jan., 1920). 

Dr. A. Russell, F.R.S. (25 May, 1922). 

Mr. C. P. Sparks, C.B.E. (3 July, 1924). 

Mr. A. A. C. Swinton, F.R.S. (22 Jan., 1920). 

Mr. R. S. Whipple (23 Oct. 1924). 

Transport Ministry, Advisory Panel and Committees: 

Mr. LI. B. Atkinson (30 Oct., 1919). 

Sir J. Devonshire, K.B.E. (30 Oct., 1919). 

Mr. J. S. Highfield (30 Oct., 1919). 

Mr. R. T. Smith (30 Oct., 1919). 

Sir John Snell (30 Oct., 1919). 

Mr. C. P. Sparks, C.B.E. (30 Oct., 1919). 

Mi, C. H. Wordingham, C.B.E. (30 Oct., 1919). 

Union of Lancashire and Cheshire Institutes (Panel for 
Engineering). 

Mr. A. P. M. Fleming, C.B.E. (28 Feb., 1924). 
Prof. Miles Walker, D.Sc. (28 Feb., 1924). 

Women’s Engineering Society: 

Mr. A. P. M. Fleming, C.B.E. (19 July, 1923). 

The Benevolent Fund. 


The following is a list of the Donations received 
during the period 26 November‘-24 December, 1924. 


" Anonymous (Coventry) 


£ 

.. .6 

s. 

6 

d. 

0 

Benger, W. A. (Otley) .. 



5 

0 

Broadbent, D. R. (Loudon) 


.. 2 

2 

0 

Clay, C. B. (Bromley) .. 


.. 1 

1 

0 

Downing, H. E. (Birmingham) 



6 

0 

Hutton, F. W. (Frodsham) 


.. * 

6 

0 

Riley, F. (Blackburn) .. 



6 

0 

Robinson, P. J. (Liverpool) 



10 

0 


Accessions to Reference Library. 

Baur, C. Das elektrische Kabel. Eine Darstellung 
der Grundlagen fiir Fabrikation, Verlegung und 
Betrieb. 2e Aufi. 8 vo. 409 pp. Berlin, 1910 

Board of Education. Report for ^e year 1923 on 
the Science Museum. 8 vo. 20 pp. London, 1924 
Botleau, C. Le chaufiage dlectrique. Preface de [E,] 
Herriot. 8 vo. 172 pp. 1920 
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PiCHTER, M. R. Les compteurs d'61ectricit6. Preface 
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Fowler F. H. Hydroelectric pow systems of 
Galiforma and their extensions into Oregon and 
Nevada [Dept, of the Interior, U.S. Geological 
Survey, Water-supply paper 493.] 

T j-r, 1326 pp. Washington, 

Erith, J.. and Buckingham, F. Vibration in engineer- 
^ 3vo. 137 pp. London. 1924 

Gruhn, K. Elektrotechnische Messinstrumente. 2e 

^33 pp. Berlin, 1923 
Hadfield. Bar R. A.. Bt., D.Sc. The metallurgy of 
iron and steel. Based mainly on the work and 
papers of Sir R. A. Hadfield. Compiled by the 
editor of Pitmantechnical primers. 

^ sm, 8vo, 137 pp. London, 1922 


Harvey, G. M. 


Colliery electrical engineering. 

8 vo. 398 pp. London, 1924 
Hyde, J. H. Lubrication and lubricants. 

sm. 8vo. 124 pp. London, 1922 
Hydro-Electric Power Commission of Ontario. 
Rules and regulations governing electrical installa¬ 
tions for buildings, structures and "premises. 
Potentials from 10 to 6 000 volts. 7th (revised) 
ed. June, 1924. - 

sm. 8vo. 213 pp. [Toronto'], 1924 
Notes re changes in "Rules and regulations 
governing electrical installations, etc.”, appearing 
in the 7th (revised) ed. July, 1924. 

T tir XT • PP- [1'oronto], 1924 

JAMES, w. Wireless valve transmitters. The design 
and operation of small power apparatus. 

^ 8vo- 279 pp. London-, 1924: 

JOLLEY, L. B. W. Alternating current rectification. 
A mathematical and practical treatment from the 
engineering view-point. 

T _ 370 pp. London, 1924 

JUM,^, L. Etude r6sum6e des accumulateurs Hec- 
tnques. 2e Edition. 8vo. 302 pp. Faris, 1924 
Kemtoon, P. H. S. The industrial applications of 
X-rays. sm. 8vo. 126 pp. London, 1922 

■ Industrial nitrogen. 

„ ^ , sm. 8vo. 116 pp. London, 1922 

Koeris, a. Atmospharische StSrungen in der drahtlo- 
sen Naclirichtenflbermittlung. pie Hochfieequenz- 
^hnik in Einzeldarstellungen, Herausgegeben von 
E. Nesper, Bd. 1.] la. 8vo. 162 pp. Berlin, 1924 
Kramers, H. A., and Holst, H. The atom and the 
Bohr thwry of its structure. An elementary 
presentation. With a foreword by Sir E. Ruthm- 

T 223 pp. London, 1923 

L.AMB, C. G. Alternating currents. 2 pt. [bound in 

T ^ ... 3^0- Cambridge, 1921 

Lamme, B. G. Electrical engineering papers. 

T ’’^3 PP- Pittsburgh, Fa., 1919 

Lawrence, R. R. Principles of alternating Currents. 

8 vo. 446 pp. New York, 1922 
Leblanc, M., fils. L’arc dlectrique. 

r ... 131 pp."" Pam, 1922 

Leclerc, a. Manuel de t61^graphie et t61dphonie. 

T ^ sm. 8vo. 317 pp. Faris, 1924 

Lodge, Sar O., F.R.S. Atoms and rays. An intro- 
duchon to modern views on atomic structure & 
radiation. 8vo. 217 pp. London, 1924 

UCKD^H, M. ^ Light and work : a discussion of quality 
and quantity of light in relation to effective vision 
X, efficient work. 8vo. 312 pp. New York. 1924 
McFarj^ne, W. Electricity in steel Works. De- 
smbing current practice in the generation of 
electricity at steel works, the electric driving of 
rolling mills, the use, of lifting magnets, and the 
electric lighting of steel works. 

ero. 8vo. 119 pp. London, 1921 
Magndsson, C. E., Kalin, A., and Tolmie, J. R. 
Electric transients. 

„ nx . . pp- 1322 

Mari6, G. Traits de stabilit6 du materiel des chemins 

defer. Influence des divers 614ments de la voie. 

Ml 8vo. 690 pp. Faris, 1924 



167 


ROGERS: IrfERCURY-VAPOUR RECTIFIER SUBSTATIONS. 

-^-----g- 


AUtOMATIC AND SEMI-AUTOMATIC MERCURY-VAPOUR^ RECTIFIER 

SUBSTATIONS. • 


By G. Rogers, Associate Member. 

{Paper first rstxived Irf September, and in final form 7th October, 1924; read before The Institotion iOth November, before 
the Dundee Sub-Centre IZth November, before the North Midland Centre 25th November, before the Western 
Centre December, before the South Midland Centre Srd December, before the Irish Centre IK* December, 
before the Mersey and North Wales (Liverpool) Centre I5lh December, and before the North-Western Centre 
mh December, 1924; also before the North-Eastern Centre 12<A January, before ihe Scottish Centre 13th 
January, and before the Tees-Side Sub-Centre 5th February, 1929.) 


Summary. 

The paper discusses briefly the principal features of the 
mercury-vapour rectifier, and describes a number of novel 
and successful applications of the use of automatic and 
semi-automatic mercury-vapour rectifier substations, de¬ 
signed for developing an efficient and economical direct-cur- 
rent supply to. areas remote from existing sources of supply. 

A method is given of feeding into an existing low-tension 
direct-current network by means of automatically controlled 
rectifiers for the purpose of improving the voltage and 
assisting already overloaded feeders. A specific case is 
considered, and the cost of three methods of dealing with 
this particular case is analysed. 

The three methods considered are :— 

(1) By means of new low-tension feeders from existing 

substations; 

(2) By means of one new manually-operated substation 

and new low-tension feeders. 

(3) By means of a number of automatic mercury-vapour 

rectifier substations. 

Arrangements for the automatic and semi-automatic 
control are given, together with a description of the means 
adopted'for automatically regulating the d.c. voltage. 

, A method of giving a d.c. supply at 660 volts to a 6-mile 
length of double-sleeper tramway track by means of semi¬ 
automatic rectifier substations is described, and complete 
details are given with the cost of one of these substations. 

Sites and buildings for each of these types of substations 
are discussed, and general lay-outs are given, with special 
reference tp simplicity, safety and cheapness. 


. Table of Contents. 

(1) Introduction. 

(2) The principal features of mercury-vapour rectifiers. 

(3) Tfie'^utomatic operation and control of, a 220-k\V 

Brown-Boveri rectifier working in parallel with 
a three-wire battery for balancing purposes. 

(4) Small automatic three-wire rectifier substations 

designed to give a d.c. supply to outlying areas 
and housing estates. 

(6) An entirely automatic substation for feeding into 
an existing network. 

(6) Semi-automatic traction substations to supply a 

6 -mile route of overhead tramways at 560 volts. 

(7) Sitesi, buildiiigSi etc. ,, 

^8) Conclusion. 

Appendix^. . 


(1) Introduction. 

Electric supply authorities are being required to give 
a supply of electricity in their outlying areas for domestic 
purposes wherever it is demanded. Rapid development 
is taldng place in town planning; building estates are 
springing up on the outskirts of our large cities, and are 
often far removed from available sources of supply. 
Whatever means are adopted to give a supply to these 
areas, a large capital expenditure has to be faced, the 
greater part of which is necessarily absorbed in the feeder 
and distribution mains. Since it is impossible to esti¬ 
mate the ultimate revenue likely to be drawn from 
the opening up of new districts, it is desirable to keep 
the initial expenditure down to the minimum. It would 
not pay to erect and equip a manually operated sub¬ 
station with costly low-tension feeders to supply a large 
thinly-populated area, and in such cases it will be found 
necessary to adopt automatic plant requiring the 
minimum amount of attention and labour, and. to 
eliminate low-tension feeders where possible. 

It is outside tlie scope of this paper to discuss the 
advantages and disadvantages of alternating-current 
versus direct-current supply, but it moy be said that 
where available supplies have a frequency of 40 and 
over, the problem is simple, as distribution on the.four- 
mre three-phase system is easy, chqap and flexible. 
The netvwk may be developed where required, by 
means of static transformer substations, and the cost of 
a low-tension distributing syst^ can be kept to a 
minimum. Direct current, however, has distinct 
advantages over alternating current for domestic supplies 
for cooking and power purposes. 

On the other hand, where the supply is generated at 
26 periods, a.c. supply at this frequency is, in the opinion 
of the author, unsatisfactory for domestic purposes and, 
it becomes necessary to convert to direct current or to 
change the frequency by means of frequency-changers. 
Converting by means of rotary converters or any other 
form of rotary plant is too expensive for outlying districts, 
owing to the high costs of labour and the skilled attention 
required* Automatic rotary-converter substaition equip¬ 
ments of small capacities will be too expensive. To put 
down one large atitomatic rotaryrconverter substation 
at some central point and feed out to considerable 
distances by means of low-tension feeders j^uld prove 
very expensive, owing to the large capitalist it would 
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be necessaxy to sinfi in copper. The obvious solution 
is to put down smaJ'* automatic converting substations 
at points where the lB»ad is required, and to make them 
as near as possible coFiparable with the a.c. distribution 
mentioned above. \i 

Greater BirminghaJi had to face the problem 
described above, and Wter preliminary investigations 
and tests the city electrical engineer, ]\lr. R. A. Chattock, 
decided to develop a ^stem of small automatic 
substations equipped vnth mercury-vapour rectifiers of 
the glass-bulb t)^e. This was a bold course to take, 
since there were not in existence any similar type of 
substations designed to g^ive a three-wire d.c. supply. 
The series of substations described later in paper 
were the first of their kind to be equipped in this country. 


AND SEMI-AUTOMATIC 


some external source of supply such as a low-voltage 
booster. Again, if the set has been out of service for 
more than 24 hours it is necessary tore-form the anodes; * 
^is operation takes about half an hour and must be done 
by manual operation. This is a drawback to this: pattern 
of rectifier, which otherv^dse lends itself admirably to a 
simple form of automatic control. 

Water cooling is adopted for the anodes and 
for the main cylinder, and this method is quite efficient. 
70 gallons of water per hour are required for the set 
described in the paper. The apparatus has been found 
to be reliable in operation, and the maintenance costs 
Are low. 

Capacity. —Cylinders are now built each capable 
of giving up to 1 500 amperes (d.c.) at 600 volts. 


(2) The Principal Features of Mercury-Vapour 
Rectifiers. 

The mercury-arc or mercury-vapour rectifier is an 
apparatus for transforming, statically, alternating current 
into direct current. The different forms of rectifiers now 
on the market are developments of the small glass-bulb 
rectifier introduced by Mr. Cooper Hewitt in the United 
States some 20 years ago. 

The non-return valve action of the arc, when operating 
in a vacuum under certain temperature conditions, allows 
the current to fiow in one direction only, viz. from the 
anode to the cathode, the cathode bath of mercury being 
the positive pole of the d.c. circuit.* An anode is 
provided for each phase of the current that is to be 
rectified. The negative d.c. pole is coupled to the star or 
neutral point of the three-phase a.c. transformer through 
a reactance. 


Brown-Boveri Rectifier. 

This apparatus has been fully described in the technical 
Press and is familiar to most engineers. 

Vacuum ,—vacuum in the steel cylinder is obtained 
and maintained by means of a special exhaust pump. 
The extent to which the pump has to be used varies with 
particular sets. The pump of the set referred to in this 
paper has to be used only once a week when half load 
IS not exceeded, but above half load it has to be 
continually in service. 


Forming. In this type of rectifier, after erection i 
is necessary for the anodes to be formed, and the opera 
tion of forming after the vacuum has been obtained take 
approximately two weeks.f This process consists o 
heating up the anodes one by one by means of curren 
passed through them to the cathode. The value of th. 
current is gradually increased until something mon 
than normal full load has been passed. 

The effect is to eliminate any gases that might be givei 
off from the material forming the anodes, which gasej 
under working conditions might cause an internal flash 
over or backfire due to the vacuum being temporarib 
^stroyed on a portion of the surface of the anode 
During this, process the pump is kept working con 
touously. Current may be passed from the anodes t< 
the cathode by means of a suitable resistance across th( 
d.c. terminals of the rectifier or, better still, by means o 

see Electrical Review, 192x1 vol.88 pd. 217 an* 
261,^ vol. 1X6, pp. 607 and 6437 * 

t y the latest method of forming this period is now reduced to 4-6 days. 


Hewittic Rectifier. 

This rectifier is of the glass-bulb type, the vacuum 
being permanent. 

Cooling.—F b,ii cooling is adopted, the fan being 
placed under tlie bulb and blowing air across it. No 
special forming has to be done after delivery. Bulbs 
may readily be put into service almost immediately 
on completion of erection. Also, no forming is subse¬ 
quently requhed, however long tlie bulb has been out 
of service. This is a very useful feature. 

Life of bulbs.—The lower-voltage glass bulbs have 
a much better life than one would expect. Provided 
a bulb survives transit—and very few are damaged— 
and proves satisfactory in ser\dce for a few days, its 
life is extremely long. 

The sealing of the incoming leads has been brought 
to a very high state of efficiency, and bulbs are still 
in service that have been running on load for over 8 000 
hours---26 per cent of this period being on full load. 
The higher-voltage bulbs (460—600 volts) also give long 
service, but experience shows that they do not have 
such a long life as the lower-voltage bulbs. The per¬ 
centage of failures is naturally higher. ^ 

Automatic operation ,—^The automatic operation and 
control of this type of rectifier is comparatively simple, 
and the particular cases dealt with in the paper indicate 
how readily they adapt themselves to this purpose. 

Capacity,—'Bvlhs are now made each capable of 
giving 160 amperes up to voltages of COO. By arranging 
bulbs in parallel any capacity of plant may be obtained. 

Short-circuits ,—^When a short-circuit occurs in the 
steel cylinder of the Brown-Boveri rectifier or in the 
glass l^iilb of the Hewittic rectifier when the vacuum 
fails, it is very severe. In both types of plant under 
the author's observation, however, short-circuits have 
been few in number, and in tlie case of the glass bulbs 
for 230 volts no single instance of a short-circuit has 
occurred. • 

(3) Automatic Operation and Control of a 220-kW 
Brown-Boveri Rectifier Working in Parallel 
with a Three-wire B.^ttery for Balancii^g . 
Purposes. 

This type of mercury rectifier has been fully described 
in the electrical i^ess.f Tins set was first installed 
for manual operation, but later was equipped for auto- 

to disabiUty refcired 
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matic control. It is connected to a 5 000-volt, three- • It will be seen that by meansfof selector switches 
phase, 25--period supply, and gives direct current at the rectifier can be left running I continuously on the 
460 volts across the outers of a three-wire network, system and, under these conditionij^ will be automatically 
Fig. 1 is a complete wiring diagram of the automatic disconnected from the busbars ini the event of a fault 
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arrangements developed step by step until the , 
necessary control was completed. The rectifier has 
been running now with this control for over two years, 
and no trouble whatever •has been experienced with 
the set. ’ 


or a failure of the e.h.t. supply, and restarted as soon 
as conditions are again normal. It can also be arranged 
for remote control from another substation through 
pilot wires, in which case the rectifier can be started up 
and shut down af will, and while running.>^1 be auto- 
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matically disconnect^ and reconnected in case a fault 
develops, as in the I first condition. By the simple 
addition of a voltaA relay and a minimum-current 
relay, or by the addition of time switches, the set can 
be made entirely automatic in its operation. 

^ The operation of th4 control gear is as follows, the 
action of the rela 3 rs losing described in their proper 
sequence of operation :— 

(1) A master relay stvitch operated by the secondary 
of a potential transformer, which when energized closes 
the circuit operating relay (2) and, when de-energized 
due to failure of the ax. supply, clears the set from 
the a.c. and d.c, busbars. 

(2) A time-limit relay which, when energized, closes 
contacts operating oil-switch-closing solenoid (3) and, 
when de-energized, closes contacts which operate oil- 
switch-tripping solenoid (4). An interlock on tliis relay 
prevents the d.c. breaker from being closed or remaining 
closed when this relay is de-energized. 

Immediately the oil switch closes, the pump and the 
ignition converter start up. 

(6) The ignition relay which, when energized through 
interloclcs on relays (6a) and (6), closes the ignition arc 
circuit. The action of this relay is delayed 10 seconds 
to allow the ignition motor-generator to become fully 
excited. 

(6a) If the ignition arc fails to strike, this relay comes 
into operation and de-energizes (5), when the operation 
is repeated with an in and out movement until 
ignition is obtained. 

(6) The coil of this relay is in series with the excitation 
circuit and operates immediately the ignition arc has 
been struck by relay (5). When energized, the relay 
• shuts down the ignition motor-generator and de-energizes 
relay (5). The rectifier, after this operation, is ready for 
load on the d.c. side, and the d.c. breaker (an Igranic 
reclose circuit breaker) will now close and parallel the 
set to the busbars, provided that the voltage across 
the rectifier terminals is correct and the d.c. busbar 
voltage is not too high. 

The closing coil of the d.c. circuit breaker is connected 
through an interlock on relay (2) and is also controlled 
by the adjustable voltage coils (7), (8) and (9). 

(10) A series coil which opens the dx. circuit breaker 
on overload. The operation of this coil is limited to 
three times, after which it remains open until reset 
by hand. 

(11) A contactor which closes the loading resistance 
circuit when the d.c. circuit breaker opens. 

(12) A three-phase inverse time-limit overload relay 
the operation of which shuts down the set. 

(13) A relay which is operated by the action of relay 
(12) and prevents the oil switch being closed until reset 
by hand. 

For remote control, the supply to relay (2) is provided 
by means of one core of a pilot cable through a control 
switch, and the coU circuit of ignition relay (6) is looped - 
through pilot wires to a switch at the control sub¬ 
station. 

The lamps shown on the control substation end 
cle^ly indicate:— 

(1) When the oil switch closes or opens. 

(2) Whefi the excitation arc is struck^ 


The opening or closing of the d.c. circuit breaker 
is indicated by the low-voltage lamp connected to 
two cores of a telephone cable. 


(4) Small Automatic Three-wire Rectifier Sub¬ 
stations FOR Outlying Areas, Housing 
Schemes, Etc. 

Fig. 2 shows an outline map of the Birmingham area, 
indicating the position of the generating stations, the 
existing manually-operated rotary-converter substations 
and the position of the rectifier substations in the out¬ 
lying areas, each having its own distributing network. 

These outlying areas are comparatively thinly popu¬ 
lated. A 6 000-yolt three-phase ring main passes 
through this area, looping into the various substations. 
Connections have also been made to other existing 
ring mains in tlie area. 



.INDICATES TRAM ROUTE 
TO LICKEY HIUS 


Fig. 2. —^Map of Greater Birmingham, showing position of 
rectifier substations. 


It was decided to commence operations with a three- 
wire unit having a capacity of 46 kW, tlie transformer 
supplying the two 23-kW rectifiers being designed for 
an ultimate load of 92 kW. Two 100-ampere 230-volt 
bulbs were connected in series across the outers of the 
three-wire network, the neutral or third wire being 
connected between them ; and later, by the addition 
of two further bulbs of the same capacity in •parallel, 
the unit was brought up to its full capacity of'92 kW. 

Certain of these substations have already been brought 
up to the 92 kW capacity, owing to the rapid growth 
of the demand in these areas. Fig. 3 shows this develop¬ 
ment over a period of 12 months. 

Provision is made in each case for an extension to 
the building when necessary. It is proposed to install 
in the extension a unit having a capacity of 138 kW» 
making the total capacity of,each of the small sub¬ 
stations 230 kW. This extra capacity has now been 
added in several cases andbis^ likely to be enough for 
any particular area. When the full capacity of the 
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station has been reached, it is intended to develop 
areas in the district by means of further similar sub¬ 
stations. 

Lay-out of plant —Fig. 4 shows the general lay-out 
of the plant in one of these substations. It will be seen 
that th5 dimensions of the substation have been kept 


arrangements of the rectifier. It ijrill be seen that the 
high-tension feeder is looped intoj the substation, the 
oil switches being non-automatic ia operation. 

The transformers, on the other hand, are protected 
by overload coils in each phase! Leakage protection 
is also provided by means of a current transformer in 
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Fig. 4 .—Lay-out of 46-kW 3-wire rectifier lighting substation. 


:as small as possible, due regard being given to ample 
passage ways and easy removal of the plant. 

The rectifier cubicles are totally enclosed and no 
live parts are exposed. The high-tension and low- 
tension switchgear is also totally enclosed, and every 
•care is given to provide safety and simplicity in opera¬ 
tion. 

Fig. 5 shows the genier^ electrical connections^ in a 
complete substation, but does not mclude the infiefnal 


the earth ** connection of the transformer tank. A 
leakage of 2 to 3 amperes to earth is suf&cient to cause 
the main oil switch to open. The current passing 
through the current transformer operates a special 
, relay which, in turn, closes the trip circuit energized 
from the 230-volt circuit. 

, The rectifier itself is equipped with automatic gear 
Which, in the event of a failure of the a.c. supply, will » 
strike the ignition arc in the bulbs when th^ is restored. 
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and resume the su]|ply to the external d.c. circuit. 
No automatic switcteear is provided on the d.c. side, 
£ach connection to- ^he distributing network is pro- 
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Fio, 6.—Diagram of connections of 46-kW 3-wire lightine 
and powa: rectifier substation. ^ 

tected by means of fuses. It may be necessary later 
to equip each of the rectifiers with a reclose ^erload 
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circuit brealcer, but up to the present it has not been 
found necessary on the small sets. 

Efficiency and power factor.—The efficiency and power 
factor of a 92-kW three-wire rectifier equipment are 
shown in Fig. 6 (a). The complete cost of one of these 
substations, including plant, building, cabli£ig and 
erection, is given in Appendix 1. 

C<^«»^._The cabHng throughout is lead-covered, 
^d the high-tension supply to the transformers is given 
by means of either a three-core armoured cable -with 
the necessary sealing boxes at either end. or lead-covered 
single-core cables. All internal -wiring and cabling of 
the rectifier equipment is of fireproofed cable. 

Voltage regulation.—The d.c. voltage of a mercurv- 
vapour rectifier is directly proportional to the a.c. 
•TOltage supphed to the anodes of the bulb. It follows 
therrfore. -that in addition to -the voltage-drop of approxi¬ 
mately 6 per cent from no load to full load, there may 
be variations due to the variations in the a.c. pressure 
If, as in this particular case, the ring-main feeder is 
fed from the same feeders that supply large power 
cons^ers, such variations may be fairly large. To 
meet tlm, an arrangement has been developed to operate 
me voltage regulator automatically. The rectifiers 
are provided -with a regulating transformer having a 
n^ber of tappings, and by means of sliding contacts 
the voltage of tlie supply to the anodes may be varied 
fig. 7 M a facsimile of tivo voltage charts, one with 
no regulation and the other with tlie automatic V&ltage 
regulator m service. The electrical connections for 
the complete automatic control of the voltage regulator 
are shown m Fig. 8. £> © 

as f^OTO^^°*^ automatic regulator gear is 

A voltage relay ( 1 ) connected across the d.c. terminals of 
the r^tifier closes either of a pair of contacts at predeter- 
mmed maximum and minimum voltages. The relay may 
be TOt to operate with any degree of closeness required 
^e closing of either relay contacts energizes ^ne of 

solenoi^ operates an arm carrying 

tZ ’f contacts 

1 ? operating 

motor (3) and axe closed when the solenoid is energized 
and one which short-circuits the armature of tlie 
motor when the solenoid is de-energized. The two 
solenoids are mechanically interlocked so that only one 
can operate at a time. ^ 

Each arm is also equipped witii a time-lag (4) which 
prevents the operation of the motor due to a momentary 
hange in voltage. The operation of one solenoid 
causes the motor to revolve in the forward /Jkection. 
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Fio. 6 .-Curves of power factor and effic / ency taken from tests. 
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and the operation of the other solenoid causes the motor 
to revolve in the reverse direction. 

The motor shaft is connected directly to the operating 
spindle ( 6 ) of the regulator by means of worm reduction 


raising or lowering the d.c. voltage until the said con¬ 
tacts break the circuit. I ^ 

End-stop switches (7) open ttie motor circuit by 
de-energizing solenoid ( 2 ) at the end of the travel to 



gearing. After either of tlie solenoids has been energized 
by the voltage relay, tlie motor continues to revolve 
until one complete revolution of the regulator spindle 
has been completed, whether the contact of the voltage 


Motor control relay 



8.—^Diagram of connections of automatic voltage 
relator (shown connected to one rectifier only). 


relay (1) has opened circuit or not. At the end of each 
complete revolution the motor armature circuit is 
opened by means of a contact ( 6 ) on the spindle. If 
the contact of the voltage relay is still further dosed, 
the motor will continuS Ipo make further revolutions. 


prevent over-running. The supply to the motor is 
so interlocked with the excitation relay ( 8 ) of each 
rectifier bulb that a failure of a.c. pressure or a failure 
of any one bulb opens the motor circuit. 

Switches (A) are provided in the voltage relay circuits 
to allow of the operation of the regulator independently 
of the voltage relay, and smtches (B) are also provided 
in the excitation relay circuit to close the interlock on 
any one bulb or pair of bulbs if not in service. 

Suitable resistances are provided in the relay and 
operating motor circuits. 

No attempt is made to balance the voltage of the two 
sides, care being talcen to balance the external load as 
nearly as possible. It would be possible, however, to 
arrange for independent voltage regulation of the two 
halves of the three-wire set. Some 16 of these substations 
have now been put into service and the total capacity 
of the plant installed is approximately 1 860 IcW. 

Provision is made for earthing the neutral of the three- 
wire system at each of the substations. In practice two 
or more substations are in parallel through tlie network, 
the networks being connected solid on the neutral and 
through fuses on the outers. 

(6) Automatic Booster Rectifier Substation for 
Feeding into Existing D.C. Networks. 

Many supply undertakings are how finding their, 
existing d.c. feeders from the generating stations and 
rotary substations overloaded on the peak. Many of 
these feeders have been run out to considerable distances, 
with the result that when loaded tip there is a big drop 
in voltage, necessitating the use of special boosters. The 
use of boosters is very inefficient, and to deal satisfactorily 
with large currents and big voltage-drops involves 
boosters which are very expensive pieces of apparatus. 
To deal with the load, it becomes necessary either to 
lay new feeders or to build and equip new substations. 
One method of solving this problem was described in a 
paper ♦ read before the Institution by Mr. P. J. Robinson, 
of Liverpool. This method was to install automatic 
rotary-converter substations feeding direct into the het- 
* Jmrtiai JJS.E., 1928, vol. 61, p. 417. ^ 
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work at points of low pressure, and so to relieve over¬ 
loaded feeders. 

In Appendix 2 a particular case is taken, giving the 
estimated cost of three possible methods of dealing with 
the problem of overloaded feeders and bad pressures, 
and thi^ shows a considerable saving in favour of the 
mercury-vapour rectifier equipment. It was decided to 
erect four small substations, each equipped with mercury- 
vapout*rectifiers, having a capacity of 276 kW (that is, 
600 amperes at 460 volts), feeding across the outers only, 
at a point in the network suitable for relieving the over¬ 
loaded feeders and for improving the voltage. Each 
unit is made up of four 160-ampere bulbs (two per trans¬ 
former) connected in parallel. In each case the over¬ 
loaded feeder was 1 square inch in cross-section, and the 
rectifier substation was therefore capable of taking up 


overload protection and recloses qiter a definite time 
interval when the overload condition is removed. 

The method of starting up and shutting down the set 
as required is comparatively simple and follows the 
practice adopted for automatic rotary converters. It 
is, however, much simpler and requires a much smaller 
number of relays. The diagram of connections is shown 
in Fig. 11. 

Starting Up* 

(1) A master relay energized from a potential trans¬ 
former across the high-tension supply which allows the 
following sequence of operations to take place only if 
the a.c. supply is normal. When the a.c. supply is 
normal, contacts (la) are open. When closed the 
operation of relay (2) is prevented. 



Fig. 11.—Diagram of connections for automatic control of one 276-kW 2-wire rectifier set. 


approximately half-load on the peak. The plant in 
each of these substations is designed to be entirely auto¬ 
matic in its operation. 

A typical lay-out of the plant in a substation containing 
two of these units is shown in Fig. 9; and the power 
factor and efficiency of one complete unit are shown in 
Fig. 6 (2>)f » 

The arrangement for controlling the voltage of the set 
is exactly the same as that already described for the 
small rectifier substations (Fig. 8). 

Fig. 10 shows the main connections and the protective 
gear provided for each 276 kW unit. The e.h.t. supply 
to each transformer is controlled by means of a hand- 
operated oil switch provided with overload coils in each 
phase. These switches are normally left closed. The 
supply to the pair of transfonners is controlled by an 
electrically operated oil switch, also provided with over¬ 
load protection., The d.c, oirc^t breaker is provided with 


(2) A voltage relay which opens contact (2a) when the 
voltage across the d.c. feeder falls to a predetermined 
value. The opening of contact (2a) de-energizes 

(3) a time-delay relay by inserting the high resistance 
(3a) in the relay coil. The contacts (36) now close after 
a time interv^ (adjustable up to 6 minutes) whidi 
energizes (4) a contactor solenoid, causing the contact 
(4a) to close, wliich in turn closes the main oil switch 
supplying the transformer by energizing (6) the closing 
coil of the oil switch. 

(6) An auxiliary swdtch which closes when tlie oil 
switch closes and which short-circuits the resistance 
(3a), again energizing the time-delay relay (3). The 
contacts (36) open and the contactor (4) is de-energized, 
opening the closing-coil circuit. The transformer or 
transformers supplying the rectifier bulbs are now charged 
and the bulbs will tilt and strike the arc by the operation 
of the starting relays. 
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As soon as the excitation arc has been struck in all (Soi) close which in turn energize (9) the controlling coil 
bulbs, the contacts (7) close. These contacts (one for of the auto-reclose circuit breaker. This circuit breaker 
each bulb) are in series, and can be short-circuited by is an Igranic reclose circuit breaker which is self-con- 
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Fig. 13. 


means of a switch in order that one or more bulbs can be 
cut out if not required. 

(8) A'^solenoid relay is now energized and the contacts 


tained. Its function is to parallel the rectifier bulbs to 
the d.c. feeder supply. It^is in the positive pole, tjm 
negative pole of the r'ecrifim’ being connected to the 
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feeder negative through a knife switch and fuse. Its busbars and the d.c. positive circuit breaker is discon- 

operation is as follows :— nected from the d.c. feeder, and the set will start up 

The controlling coil (9), when energized, closes contacts again when the d.c. voltage of the feeder falls low enough 
(9a). This short-circuits the resistance (9&) and in turn to operate the low-voltage relay (2), subject to the a.c. 
energizes the operating coil (10) which closes the circuit pressure being normal, 

breaker (Jl). The closing of the circuit breaker opens A typical load and voltage curve over a period of two 
contacts (10a) and (10b) which de-energize the con- days is shown in Fig. 12. 
trolling coil (9) and the relay (8) respectively. 

The operating coil of the breaker is also interlocked (6) Semi-Automatic Traction Substations. 

through contacts (6a) with the high-tension oil switch. An extension to the Selly Oak overhead tramway 
The voltage relay now comes into operation and adjusts route from Selly Oak to Rednal and Riabery, a distance 
the rectifier voltage to the particular setting of the relay, of approximately 6 miles (see Fig. 2), had to be supplied 

(The connections of the voltage regulator are shown in with current at 560 volts. The Selly Oak end of the 

Fig. 8.) existing route was about miles from the nearest 

A further relay (12), a maximum-current relay, manually-operated rotary substation, and it was from 
comes into operation when the full load is exceeded, and this substation that the existing route received its supply, 
operates to lower the voltage. Very heavy traffic was to be expected on this route at 



* PLAN 

Fig, 14.—^Lay-out of 660-kW rectifier traction substation. 


The d.c. circuit breaker is set to operate on overload, holiday times and at week-ends during the summer, and 

reclosing after a definite time interval, provided that the it was necessary to provide plant and feeder cables 

excessive overload conditions are removed. capable of dealing with a half-minute service of cars. 

In addition to this holiday load, how'ever, which would 
Shutting Down. occur on only a comparatively few days in the year, 

When the load falls to a predetermined value, relay there was a certain amount of rush traffic at certain times 

(13), a mkiimum-current relay operated from a shunt of the day. It will be clear, therefore, that for the greater 

in -die feeder circuit, opens its contacts (13a) and de- part of the day and year a big proportion of the plant 

energizes (14) a time-delay relay by inserting resistance necessary to deal with the rush traffic would be idle. 

(14a) in the coil circuit. It was obviously impracticable to supply the new 

After a definite time interval, contacts (14b) close and route by means of new feeders run out from the existing 

energize (15) the trip, coil, which causes the main high- substation, owing to the high cost involved. To build 

tension oil switch to open. and equip a new manually-operated rotary substation 

The auxiliary switch (6a) opens when the oil switch somewhere on the new route w'ould also have been 

opens and causes the d.c. circuit breaker to open. prohibitive in capital and running costs. It was clearly 

Also, the opening of the d.c. circuit breaker closes a problem which admitted of only one solution, namely, 

the au^liary contacts (11a), resetting the time-delay automatic or semi-automatic plant which would require 
relay (14) by short-circuiting -^e resistanoS (14a). the minimum of labour a.nd.runiiing charges. 

The rectifier is now discoimected, from the high-tension After much consideration and comparison of*016 costs^ 
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of various types of plant, it was decided to put down 
ultimately three substations, one at Selly Oak, one at 
Northfield, and one at Longbridge. Each of these 
substations has plant installed of a total capacity of 
‘660 kW, making a total of 1 980 kW for the three 
substations. 

Fig. 13 {a) shows the feeding arrangements when the 
Northfield substation was put in service. Fig. 13 (6) 
shows the second position when the Selly Oak substation 
was put into service, and Fig, 13 shows the complete 
scheme with the three substations and the feeder 
arrangements from each substation. It will be seen 
that the negative return feeder is connected to the rails 
immediately outside the substation in each case. This 
iarrangement enabled the cost of the d.c, traction feeder 
•system and also the rail voltage-drops to be kept to a 
iminimum, without undue expenditure on negative 
ieeders. 

The plant decided upon was’the mercury-arc rectifier 
•of the glass-bulb type. Each substation is equipped with 
‘eight rectifier bulbs, each giving 150 amperes at 560 
volts. Each pair of these is supplied from one trans¬ 
former, making use of the six phases of star-wound three- 
phase secondary windings. The complete unit of 660 
kW capacity consists of four transformers, each supplying 
two bulbs in parallel. This arrangement gives great 
flexibility, since it is possible to run with any number of 
the bulbs in parallel. In the event of one transformer 
breaking down there is still 75 per cent of the plant 
available for service. 

The high-tension supply to the substations is 25-period, 
three-phase, at 5 000 volts. The high-tension switchgear 
used is the same type as that used in the three-wire 
lighting stations. The lay-out of the plant in one of 
the substations is shown in Fig. 14. It is so arranged 
as to make the cabling as simple and as short as 
possible. All the rectifiers feed into a common positive 
busbar through Igranic reclose circuit breakers. The 
positive busbar is connected to the control panel for the 
low-tension traction feeders by means of cable. Each 
low-tension traction feeder is controlled by means of an 
Igranic reclose circuit breaker through a disconnecting 
switch of the knife pattern and a choking coil. This 
arrangement of control is shown in Fig. 16. 

The control of this substation is only semi-automatic, 
it being the practice to leave the necessary number of 
•sets ru^ng to supply the ordinary load and to switch 
in additional sets when required for extra load. The 
transformers are protected by means of series overload 
coils in the high-tension switchgear. Further protection 
for the transformers is obtained by means of a leakage 
relay placed in the earth circuit of the transformer. A 
small leakage of 2-3 amperes to earth from the trans¬ 
former windings is sufficient to open the main oil switch. 

The series overload coils are fitted with a time-lag 
which is so adjusted that in the event of any trouble on 
the d.c. side of the plant the low-tension switches would 
have a chance of operating first. 

The low-tension secondary connections from the 
transformers to the rectifiers pass through special three- 
phase oil circuit breakers, also fitted with a time-lag. 
The d.c. Igranic circuit breaker in each rectifier gives 
iurth&r Sutomatic protection in that it.is designed to 


operate on overload and will reclose when the overload 
condition has been removed. 

The main automatic features, however, are on the 
outgoing feeders themselves. The circuit breakers 
controlling these feeders are arranged to open instantly 
on a predetermined overload and will redone after a 
definite time interval, provided that the overload condi¬ 
tions have been removed. These switches act perfectly 
and operate on overload or external short-circuits before 


E.H.T. 

feeder 


a-MH.T.lmsbars 





g_9iD.C. 

[ractian. 

feeder 


Fig. 16.—Diagram of connections for traction feeder sub- 
station (one set only). 


any of the other protecting gear in circuit with'the supply 
can operate. In tiie event of an overhead wire breaking 
down, the circuit breaker controlling the supply to that 
particular section will open and will not close again untd 
the " earth ’’ has been removed. Instantly the wire has 
been removed from the ground, the circuit breaks 
closes and the overhead wire is again made alive. Special 
instructions in this connection have been issued to -the 
Tramway Department for the protection of their men. ' 
In the event of a failure of the high-tension, supply 
pressure, no switches will operate in. the substation 
except the low-t^on „fe^der and rectifier control 
switches if the stetion is isolated from any other supply. 
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and when the high-tension supply is restored the sets 
will automatically be started up and tlie supply restored 
to the d.c. feeders. This arrangement has up to the 
present worked perfectly satisfactorily, and every part 
has functjpned correctly. 


(7) Sites and Buildings. 

Sites .—It is not a very difficult matter to obtain a 
suitable site for a comparatively small building on the 
outskirts of a city. Land belonging to the public 
authorities should first be exploited for possible sites ; 
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Fig, 16.—Standard 3-wire lighting substation. 



Fig. 17.—Two-floor boosting substation. 


. The power factor and efficiency of the traction 
rectifiiers are shown in Fig. 6 {c ). It will be seen that the 
efficiencies obtained ,are comparable with the efficiencies 
of rotary converters. 

The total cost of one of* these substations is detailed 
in Appendix ?. 


quite a fair percentage of the substations in Birmingham 
are erected on Corporation property belonging to other 
departments. Some are erected in the school play¬ 
grounds, and others in the grounds belonging to the 
Water Pepartment. Failing a suitable ate to be 
mutually arranged with other departments in this manner 
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It is possible, owing to the absence of noise from plant 
Of tins type, to buy or lease a small site, particularly 
w eu an area is being developed for building purposes. 

itself, however, a suitable site is often very 
difficult to obtain, and it may be necessary to adapt an 
o d building or to build on an irregular-shaped site for 
the purpose of housing the rectifier plant. Some 
mgenuity ^d patience has to be exercised in this respect, 
the principal requirements of a site are suitability of 
access for plant and cable ways. 

Btiildtngs.—In designing buildings for this particular 
cl^s of work, it must be borne in mind that simplicity, 
cheapness and freedom from fire risks must be the 
pnncipal factors. There will be no attendants in these 
s ations, and it is not necessary to have any idle floor 


AND SEMI-AUTOMATIC 

One way of doing this is to provide V-shaped louvres in 
the walls of the substation, 

A suitable cable trench to bring in the necessary cables 
and suitable drainage from the roof for storm water 
must be provided. 

Usually, a single-floor building is most suitable, but 
where the ground space available is small a two-storey 
building can be readily adapted for this purpose, the 
transformers being placed on the ground floor, and the 
rectifiers and switchgear on the first floor. 

Ventilation. —^Eflicient ventilation can be obtained by 
means of the V louvres in the walls and doors of tlie 
substation, and by the provision of suitable roof vents. 

Typical standard three'-unre lighting substation (Fig. 16). 
—These buildings are erected with 9-in. brick walls 



Fig. 18. —Traction rectifier substation. 


4 UCS 1 . 10 I 1 oi appearance of the buHdii 
and Its relation to surrounding property in resident! 

considered. Many of the substatio. 
^ ^ speciaUy designed fro 
an architectural standpoint to suit the wishes of tl 
owncK of s^ounding property, and, of course, in eva 
case to satisfy the city surveyor. Further, the by 
^ws relating to buildings have to be observed, and it 
therefore wise to put the design of new buildings of rii 
kind in toe hands of a good architect who will arranj 
to satisfy toe many interested parties 
The pecitoax light from the bulbs, and toe flicker du 
to toe r<^atmg arc, make it advisable to prevent an 
direct hght from the substation being seen outsid( 


strengthened at the comers with extonal piers in. 
^ck and about 2 ft. wide. The inside of the walls is 
faced with ordinary common bricks having neat flush 
joints. The outside facing work is carri&''out with 
varying coloured Slack Country bricks having white 
cement joints. Artificial stone is employed for the 
copings, which are weathered and throated, and similar 
stone for the heads to openings above doors and 
ventilators, these heads being slightly reinforced with 
steel bars. 

The floor is formed with cement "concrete 8 in. thick,, 
reinforced with expanded metal and finished with a 
spreading of granolithic. The cable, trench is also formed 
with concrete similarly reinforced, the trench being 
covCTed level with the flo<!rr ^th chequered iron plating 
on iron curb and supports, . 
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The flat roof is formed with Seigwart pre-cast hollow 
beams, having on the top a screeding of cement laid to 
falls and covered with asphalte. The underside of the 
Seigwar^ beams has a lair face and no plastering is 
therefore needed, the joints being merely pointed with 
cement. This method of roof construction forms a very 
suitable fixing for cables and wires. 

The ventilators consist of louvres in a frame, the 
louvres taking the form of an inverted ** V,*' in order to 
allow a free passage of air and at the same time forming 
a screen to prevent the direct rays of strong flickering 
light penetrating to the outside. 

The doors are framed, ledged and braced, the upper 
panels being filled in with narrow matchboards and the 
lower panels formed into louvre ventilators of similar 
construction to the above. 

Typical two-floor substation (Fig. 17).—^The station 
illustrated has been erected upon a narrow site having 
.road frontage at either end, and the ground being bad 
it was necessary to carry tlie foundations deep. The 
construction of the walls is similar to that in the other 
stations, the flat roof being formed with Seigwart beams. 

The ground and gallery floors are formed with sus¬ 
pended reinforced concrete, the latter floor being trimmed 
to form an opening, and a rolled steel joist is provided 
over this opening for hoisting the machinery to the gallery 
floor. ^ 

An iron spiral staircase is provided to give access to 
the gallery floor, and a cat ladder at the other end to 
serve as an exit in case of fire. 

The doors are similar to those described for the other 
stations, except that the main entrance doors in this 
case are hung to slide in order to give clearance to the 
staircase. 

Typical traction rectifier substation (Fig. 18).—^These 
-Stations are erected in a similar manner to the lighting 
substations, the main difference being in the construction 
. of the f oof which, owing to the length of the span, is 
-formed with suspended concrete reinforced with rolled 
steel joists and expanded metal. A small door is 
introduced into these stations to serve as an emergency 
exit in case of fire. 


, (8) Conclusion. 

The author makes no claim that the t 3 >pe of rectifier 
^substation described in this paper is complete or in final 
‘ form, but takes the view that in each case an attempt 
has been made, with some success, to develop and use 
new plapt for special purposes, to the end of reducing 
costs of development. 

Attempts have been made to discriminate in each 
case the automatic features essential for the successful 
operation of the gear. It is possible to carry automatic 
control to almost any extent of completeness, but this 
only adds to the coniple^dty of the switchgear and also 
increases the cost. 

* The author would like to express his indebtedness to. 
Mr. R. A. Chattock, the city electrical engineer, for his 
kind permission to publish the information contained 
herein, and to his assistants, Mr. •Thurman and 
Mr, Deeming, for their heUp in preparing the various 
diagrams included in the paper. ^ ^ 


APPEIS'DIX 1. 


Cost of One 92-kW Three-wire Lighting Rectifier 
Substation. 

The following is the detailed cost of a standard three- 
wire rectifier substation containing plant of 92 kW 
capacity, two high-tension feeder switch panels, one 
transformer high-tension switch panel, and low-tension 
iron-clad switchgear for controlling four outgoing three- 
wire low-tension distributors. 

The costs include all the interconnector cables between 
the high-tension oil switch and the transformer, between 
the transformer and the rectifier, and from the low-ten¬ 
sion side of the rectifier switchgear to the distributing gear. 

The costs also include all labour charges and sundry 


materials. 

Cost of 92-kW 3-wire rectifier plant .. 

E.H.T. switchgear, two-feeder panels, and one 
transformer panel 
Low-tension d.c. switchgear 
Automatic regulating gear and switches and 
resistance for B.O.T, earthing panel 
Cabling .. 

Labour costs for erection 


£ 

1 478 

130 

32*65 

85 

45 

40 


Total. •• ..£1810*65 


The cost of the substation building for housing this 
plant, including cable trench, chec^uer plating, drainage, 
fencing, etc., is £320. 


APPENDIX 2. 

Automatic Boosting Stations. 

It was necessary to relieve the load on four existing 
low-tension feeders in the Central City district. The 
areas concerned were at considerable distances froifi any 
of the existing stations or substations, and each of these 
feeders required boosting at the supply end. 

The estimated costs of three alternative means of 
supplying this load are given as follows ;— 

(1) By means of new low-tension feeders, from existing 
substations. 

Capital cost, ^ 

Cost of 4 X 1 sq. in. l.t. feeders .. .. •. 21360 

Sundry sub-feeders arid linking-up mains .. 1 515 

Additional rotary converter and booster capacity 
required, in existing substations .. .. 7 200 

E.H.T. and l.t. switchgear .1 fiOO 

31 675 

Add 10 per cent for contingencies 3 167 


Total’ 


.. £34 842 


The estimated annual running costs would be as 


follows:— 

Interest and Sinking Fund .. . • • • 

Value of units lost in conversion and distribution, 
at Jd. per unit .. 


£ 

2 803 
760 


> £3 563 
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(2) By means of one new manually-operated substation 
and new low-tension feeders. 

Hstimated cost of building’ 

Tbree 600-kV/ rotary conve 
^ E.H.T, switchgear .. 

D.C. switchgear 
Internal cable connections 
Cost of e.h.t. feeders and fow ±ccuers 
Sundry sub-feeders and linking-up mains 

Add 10 per cent for contingencies 
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• ♦ • « 

.. 2 000 

*s . . 

.. 9 000 

.. 

800 

.. 

900 

.. 

300 

.t. feeders 

.. 13 890 

-up mains 

.. 1 616 


28 405 


2 840 


Total 


.. £31 245 


Annual running costs. 

To operate this substation two shifts of two 
men each would be required. The annual 

cost of wages would be. 

Value of units used for lighting .. 

Value of units lost in conversion, at id. per unit!! 

Maintenance of plant . 

Loss in Lt. feeder cable, at Jd. per unit. ^ 
Interest and Sinking Fund on plant, switchgear 
cables, etc. .. 

Interest and Sinking Fund on buildings 


660 
. 10 
360 
160 
200 

2 370 
160 


Total 


£3 900 


(3) By means of a number of automatic mercury-vapour 
, rectifier substations. 

Estimated cost of four substation buildings at 
£400 each.. 

Four 276-kW rectifier equipments 
E.H.T. switchgear ... .. ., * * 

L.T. switchgear, ' including automatic* contrU 

features, voltage regulator, etc. 

Internal cable connections 
^t of e.h.t. cables and l.t. feeder cables !! 

Sundry sub-feeders and linking-up mains !! 


£ 

1 600 
8 986 
900 


1400 
200 
2 200 
1 516 


Ajj 16 801 

Add 10 per cent for contingencies 1 '680 

.. 481 

Annual running costs. 

Value of units lost per annum in rectifier equip¬ 
ment and distribution, at Jd. per unit . 

Annual maintenance of bulbs and plant 
Laboiu: .. .. .. 

Sinking Fund on building* plairt’ 


£ 

360 

160 

200 


Total 


1545 
£2 255 


Scheme 1 
Scheme 2 
Scheme 3 


Summary. 

Capita] cost. 

• • . £34 842 

• • £31 246 

.. £18 481 


Annua] cost. 

£3 663 
£3 900 
£^266 


of iiiter^ting to compare the estimated cost 

of one of these substations with the actual cost. 

he actual cost of one of these substations equipped 
M follSvs boosting set of 276 kW capacity is 


Building 

One 276-kW rectifier equipment 
E.H.T. switchgear .. .. ^ [ 

D.C. switchgear, including automatic 
control and voltage regulator .. 
Internal cabling 

Cost of erection ,. , ^ * * 

building, plant and erection 
k.H.T. feeder extensions and l.t. feeder 
etc. 


Total 



£ 

s. 

d. 


951 

0 

0 

2 

278 

0 

0 


218 

0 

0 


361 

11 

10 


50 

5 

10 


168 

5 

2 

4 

027 

2 

10 

1 

120 

0 

0 

£5 

147 

2 

10 


mar me cost of the building is much 
mme thm that aUowed for in the estimate,®tot tlie 
builtog IS large enough to house another simUar equip¬ 
ment of larger capacity. ^ ^ 


APPENDIX 3. 

The follov-ing is the cost of one of the traction sub¬ 
stations c^taining 660 kW of rectifier plabt. The costs 
include two e.h t. feeder switch panels, one busbar 
coupler switch, four e.h.t. transformer switch panels, 
the necess^ automatic switchgear for controilmg the 
supply to toee low-tension traction feedera, the necessary 
p^t°^ complete erection of the 

£ 

660-kWrectifier plant complete ... ..4 858 

E.H.T. switchgear ., 

D.C. switchgear and meters 

Cabling, etc. 

Cost of erection 
Sundries .. ,. 


323 
181 
126 13 
168 9 
35 5 


Total 


. £5 692 7 9 


The cort of -tte building, including drains, fencing, etc. 
to house ae above plant, which also provides space foi 

<^°“Plete 3-wire lighting 
umt of 92 kW capacity, is £480; ® * 
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Discussion before The Institution, 20 November. 1924. 


Captain J. M. Donaldson; The reason for using 
direct cu>n^ent at Birmingham is stated in the early 
part of the paper, but in view of the author's state¬ 
ments think that the question of alternating current 
ought not to be put lightly on one side. As a matter 
of interest I have taken out a few figures showing 
what it really meSns from a financial point of view. 
On page 171 the cost of a rectifier substation with a 
capacity of 92 kW is given as something of the order 
of £1 800 exclusive of the building and exclusive also 
of the land on which the building is erected. That 
works out at about £20 per kW. I have taken 
out the figures for a little substation containing two 
50-kW transformers, and the cost comes out at rather 
under £400, or about £4 per kW. The same building 
could easily take two 100-kVA transformers, and ’the 
cost would not be much more than £500, or £2 10s. 
per kW. Of course, that is rather a considerable item, 
and as a matter of fact it is not the only additional 
expense, because owing to the lower efficiency obtaining 
with a rectifier substation—of the order of about 
10 per cent—the feeders have not quite the same 
usefulness that they have in an alternating-current 
system. The author rather infers that the question 
of pressure regulation is very difficult with static sub¬ 
stations. I think that most people with experience of 
such substations do not find that difficulty; but in 
any case it is just as easy to meet it in a static substation 
as it is in a rectifier substation. In other words, a 
regulator similar to, though possibly on a different 
principle from, the one described by the author will 
do precisely the same thing if required. The overload 
capacity of a static transformer is considerable, but I 
think I am right in saying that mercury-vapour rectifiers 
will only take an overload of about 20 per cent for a 
few.minfites. It is only fair to say, however, in com¬ 
paring prices, that one of the reasons for the high cost 
is that two tubes are used in series in order to get the 
middle wire. It makes very little difference to the cost 
of the rectifier tube or . bulb whether the pressure is 
460 or 230 volts, but this device for obtaining the 
muddle wire adds greatly to the expense. The other 
disadvantage of having the two tubes in series is, 
according to my estimate, that the efficiency is 
undoubtedly reduced by about 4 or 5 per cent, because 
the loss in the arc is a fixed amount—^about 20 volts— 
and this ^jioubled when two tubes are in series. The 
efficiency as shown in Fig. 6 (a) is of the order of 
87 per cent on the little 92rkW sets, and I do not think 
there would be any difficulty in getting an efficiency 
of 97 per cent or more in a static substation. The 
author compares the steel-tube (or Brown-Boveri) 
rectifier with the glass-bulb rectifier, I hold ho brief 
fbr^ either, but I do not think that he has been quite 
'fair to the steel-tube tj^pe. It would certainly appear 
from Fig. I that it is.very complicated. I should hke 
to know whether the ignition is still started mechanically 
in Ihe glass-tube rectifier, %s I imagine iff is, or whether, 
as in the case of the steel *tube, a separate ignition 
circuit is needed. I should also Jike to know why 
VOL. 63. 


Birmingham, one of the pioneers in the use of the 
Brown-Boveri rectifiers, gave them up. Three sets of 
efficiency figures are given in tlie paper; one for the 
three-wire 92-kW set, one for a 276-kW booster, and 
one for a 660-kW traction set. It will be noticed that 
the traction and the booster sets, which are single-tube, 
have a very much higher efficiency, for the reasons I 
have already indicated, and also because in the traction 
set the voltage is higher. Were the efficiency curves 
obtained experimentally by the author's staff, and, 
if so, were they obtained by indicating instruments or 
by integrating instruments ? The reason for my asking 
is that I do not think the two methods give the same 
results. My own impression is that integrating instru« 
ments undoubtedly give a very much lower value 
than do indicating instruments. To my mind, the- 
integrating test is really the practical one. I believe- 
that the reason is the rather curious wave-shape, and . 
the fact that only one side of the wave is used. The 
main objection to the rectifier as a converting device 
is the question of regulation. The author refers to a 
figure as low as 6 per cent, but I do not remember 
getting anything as good as that. With the Brown- 
Boveri rectifier the figure is of the order of 9 per cent- 
iri order to keep the pressure up, and I have found it: 
necessary to install an induction regulator in addition. 
The regulating device described in the paper appears- 
to be a sort of booster transformer having a variable 
number of turns which can be cut in or out as the 
case may be, I should be glad if the author would 
give some additional information with regard to that 
point. As to tlie question of ripples, the Post-Office 
maintains that a change-over from alternating to direct 
current increases the interference, and does not exonerate- 
even rotary converters from blame, I rather think,, 
however, that the ripples in the case of the mercury-arc- 
converter are more pronounced than those due to 
rotary converters. 

Mr. W. E.. Highfileld : The paper is really a study 
of one means of supplying the network of a 26-period 
three-phase system. I think that both in England and 
abroad the tendency has been in the direction of making 
the network 60- or 60-period, three-phase, and I do not 
think anyone would seriously state that that system 
is not the best; the reason being, of course, that the 
static transformer makes it very flexible and efficient. 
It is thought unorthodox to consider lighting at any¬ 
thing under 40 periods, and phase-changing is practically 
impossible on account of the cost. In other words, it 
is a very inefficient system, and it seems to me to be 
certain, in view of the number of 26-period systems in 
this country, that the d.c. networks will be extended, 
The author has put forward a very strong case for the 
mercury-vapour rectifier ‘ for certain specified cases; 
and, judging it both from the financial side and from • 
the technical side, I do not think that that position 
can be seriously attacked.' The mercury-vapour rectifier 
is the nearest approach to the static transformer that 
been produced, and an apparatus thsffc has ho 
moving parts has a very great advantage ov^ one that 

. 12 . 
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has to revolve. The rectifier may not be in its perfected 
form, but it is good enough and there are bound to be 
improvements as its application goes on. One matter 
that is not mentioned in the paper, but which was 
referred to in one form by Captain Donaldson, is the fact 
that any form of rectifier introduces a harmonic into 
the primary. It is due to the difference between the 
primary and secondary wave-forms, and it is inherent 
in the system. The result is that the primary may 
suffer from over-voltages unless steps are taken 
to filter out the harmonics. It should not arise at 
Birmingham, because the primary voltage is low and 
rotary-converter substations are run in parallel on the 
same network, and the rotary converter is a very fine 
means of filtering harmonics. I feel sure that on any 
system employing rectifiers alone, and especially on 
those at extra high tension on the primary side, there 
will be considerable trouble due to harmonics introduced 
iOn the primary and possibly reflected on the secondary. 
The substations on tlie Midi Railway contain plant of 
iboth types. The d.c. voltage is 1 600, and the fre- 
»quency is 60. The rotary-converter units are each of 
.1 000 kW. The rectifiers are of 1 200 kW capacity 
.and are of the Brown-Boveri type. Both types of 
.plant have given minor troubles, but I do not tliink 
there have been troubles to which any engineer could 
reasonably object, especially considering the novelty 
*of the plant. Of course, there is a great difference 
.between being in a rotary-converter substation and a 
rectifier substation. In the case of the former, if any- 
thing happens on the line a large load will be thrown 
• on the station. A severe short-circuit outside the 
substation will probably cause a flash-over, and there 
will be a loud noise, but the energy will be dissipated 
without very much damage. The machines can be run 
up immediately. Now in the rectifier substation it is 
quite different. There is hardly any noise ; nothing 
19 heard except the air pump, and if a short-circuit 
occurs outside it is the linesman and not the substation 
•iattendant who has to attend to it. The rectifier is not 
■.affected by the short-circuit, biit the harmonics it intro- 
Miuces into both primary and secondary circuits may 
‘^cause, and do cause, breakdowns on the lines. 

Mr, A. M. Taylor : In the cases referred to in sec¬ 
tions (2) and (3) of Appendix 2, the showing is distinctly 
in favour of the rectifier substation. The reason why 
no spare rectifier bulbs are included in the estimate for 
^e four substations is that each substation is virtually 
in p^allel with the other three substations, under tlie 
particular circumstances of the area to be supplied. 
As regards the estimate in Appendix 1, I do not think 
that 'the author has made out a convincing case for 
using rectifier substations of very small capacity for 
•ivery scattered areas. Owing to the fact that a neutral 
'^wire has to be supplied,' each rectifier bulb must give 
'‘only 230 volts. This involves a low efliciency and a very 
capital cost (£1.6 per kW). I am not sure whether, 
m the case of an existing 26-period, supply having to 
be extended into the sparsely populated dis’txicts, 
the method of supply, devised by.^Mr. J. R. Beard might 
not with, advantage be employed. No doubt the use 
of a static frequency-changer to inject a triple-harmonic 
E.M.F.. iqto the ueutrg,! wire is a disadvantage, but 


under Mr, Beard’s proposal it would be quite possible 
to arrange that the output of the frequency-changer 
was only about l/9th to 1/16th of that of the substation. 
Hence, witli an efficiency in tlie frequency-changer 
itself of only 86 per cent, tlie average efficiency of the 
whole substation may be considered to be equivalent 
to 96 per cent. Similarly, the cost of the freguency- 
changer is reduced to the equivalent of only, say, £1 per 
kW for the whole substation. The regulation of the 
frequency-changer designed by myself is 6 to 8 per cent, 
and therefore compares quite well with the inherent 
regulation of the rectifier. The power factor, it is true, 
is very low indeed (20 per cent), but if only l/9th to 
1/16th of the whole output of the substation has to be 
provided by the static frequency-changer, the total 
current supplied to the substation over the underground 
e.h.t, feeders is only increased by 60 to 33 per cent. 
Now the extra capital outlay, due to stiffening up the 
e.h.t. feeders to compensate for this, is only some 
5 to per cent—quite a negligible amount. The low 
power factor is thus compensated for. The above argu¬ 
ment is based on the assumption tliat, by employing 
Beard’s method of supply, the cooking and heating and 
motive power load can be differentiated from the 
purely lighting load, which is the only one adversely 
affected by the low frequency. 

Mr, H, Brazil: One or two speakers in the discus¬ 
sion have made a point of these rectifiers ha/'ing to 
be run two in series, with the resultant loss of efficiency. 
This, of course, is quite correct if it is desired to balance, 
but even then it is not necessary to have all the bulbs 
two in series, as one or two sets can be balancing bulbs, 
and the rest may be put across the outers. It will be 
seen, therefore, that the objection that has been raised 
as to their inefficiency because two must be in series, is 
not entirely correct. The company with which I am 
connected was faced with the problem of compensating 
for a very heavy voltage-drop at two outlying points. 
The cost of providing additional copper in xhe low- 
tension feeders was prohibitive, and it was essential 
that the supply should be direct current in parallel 
with the existing network. When on a visit to Birming¬ 
ham I saw several of the rectifier substations installed 
there, and was much impressed with their great 
simplicity, with the ease with which they were started 
up, and with their capacity for overload. As a result 
of what was seen there we have erected two rectifier 
substations which will be working shortly and will deal 
with the problem mentioned above. I feel sure that 
in cases of this sort, where a comparatively small 
amount of current is required at the point‘d where the 
pressure is low, these glass-bulb rectifiers will be 
extremely useful, but on the other hand it seems clear 
that they cannot take the place of the main substations 
where the current demand is heavy. This is particularly 
the case where the declared pressure is low, as, owing 
to the fact that the capacity of the bulb decreases with 
the voltage, the number of bulbs required would be ioo ■ 
great to be practicable. 

Mr. S. C. Bartholomew : I had hoped that the 
author would have told us what steps are being taken 
to avoid interference witfi f^dst Office communication 
circuits. I was* phased, therefore, to hear Captain 
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Donaldson raise the question. The use of mercury 
rectifiers for supplying current to the tramway system 
on a certain route in Birmingham has resulted in very 
serious disturbance to trunk circuits between that town 
and oth^r towns in the West of England. The engineers 
of the Corporation have in hand the provision of remedial 
measures, but inductive effects are causing at the 
moment considerable inconvenience to the Post Office 
and to the public. 

{Communicated,) The author in his verbal reply 
stated in effect that, as the disturbance had not come 
under notice until 12 months after the mercury con¬ 
verters w’ere introduced, the interference could not be 
very serious, although the Post Office cables run close 
to the tramway track for some distance. It is true 


that complaints of disturbance were not received until 
the middle of June of this year, and the more serious 
complaints on the 1st August. The explanation is that 
the increases in the trouble were apparently due to 
extensions of the tramway system along the road on 
which the Post Office wires are overhead and not in 
cable, and the accentuation of the disturbance coincided 
with the opening of a new substation by the Corporation 
at the beginning of August. Overhead telephone wires 
are much more likely to be disturbed than those in 
underground cables, and this, coupled with the working 
of substations in parallel, no doubt accounts for the late 
appearance of the trouble. 

[The author’s reply to this discussion will be found 
on page 186.] 


North Midland Centre, at 

Mr. G. I. Shuttleworth: I am glad that the author 
stated at the commencement that he had no brief for 
this system on a periodicity of 50, as I also have not 
been able to make out a case on this frequency. In the 
first case the cost is considerably higher than that of 
any other form of converting plant. I have taken out 
comparative figures of the relative cost per kW and, 
for practical purposes, if 250 kW is taken as the standard 
the costs per kW are approximately £1 for a static 
transformer, £5 • 8 for a rotary converter, and £8 for a 
rectifier. In addition, the static transformer gives no 
trouble due to back-firing, and possesses none of the 
other drawbacks inherent to the use of mercury-vapour 
rectifiers. On a new installation there is absolutely 
no case (at least I cannot see one) for a mercury-vapour 
rectifier. There is, however, a case for such apparatus 
in certain outlying districts where a d.c. supply is 
already established and the problem of either changing 
over to alternating current or augmenting the existing 
supply 4ias to be considered. We in Hull have been 
looking to the mercury rectifier to get us out of a certain 
amount of difficulty primarily on account of the noise 
produced by rotary converting plant. With the 
development of modern rotary converters and the 
various forms of automatic gear, I cannot see that there 
is a case for such a small mercury-vapour rectifier 
plant e-xcept (on the plea of absence of noise) in the 
residential districts, and for that particular reason we 
have been considering an experimental substation in 
similar circumstances to those that have arisen at 
Birmingham, i.e. the supply to outlying residential 
areas, tis addition to the cost, considerably more 
ground space is required. In a substation not very 
much larger than the one shown as containing 600 kW 
of mercury-arc rectif 3 dng plant we are accommodating 
2 000 kW of rotating converting plant. I agree with 
the author that the ideal is to use high-tension dis¬ 
tribution as much as possible. I think that substations 
have in the past been made^too large and that too ] 
much money has been sunk in copper in the attempt 
to centralize them. We in Hull have limited, our 
standard substations in the centre of the town to four 
600-kW sets. Comparattvaly small units are put down 
where they are required to suit local conditions. In 
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ordinary tomis, however, the difficulty of getting sites, 
and various other difficulties, make it impossible to 
have a considerable number of substations and one is 
obliged to centralize to a certain extent. Whilst the 
adoption of mercury-vapour rectifiers on a fairly exten¬ 
sive scale at Birmingham may have met present 
difficulties, I think that in the future it will be found 
that the units are too small to cope with the growing 
load. We have been developing a system of central 
control that would enable a whole town to be run on 
unattended substations. We have had a considerable 
amount of success, and I feel quite sure that within 
the next few years we shall have a complete centralized 
control system of supply, all the converting plant 
being controlled by means of pilot wires * from the 
various substations. This, in my opinion, is superior 
to a number of automatic substations in which no one 
knows what is happening. The load can be directed 
at will by one controlling brain governing the whole of 
the town area. I do not think that the author would 
claim that his system is equally suitable for a heavy 
industrial town load, its special application being for 
rural areas and primarily for non-standard periodicities. 
The maintenance costs given in the paper are con¬ 
siderably higher than we have experienced in Hull. 
Our plant capacity is approximately 30 000 kW ; half 
of this is in rotary converters in various sizes from 
250 to I 000 kW, and the remainder in static trans¬ 
formers. We have approximately 20 rotary-converter 
substations and 35 static substations and the total 
charges—^including the foremen and all the attendance 
and cleaning—are about £2 100 per annum, apart from 
salaries. This is equivalent to £0-07 per kW of plant 
installed. Our charges are therefore about one-tenth 
of those indicated in the paper for a rotary-converter 
substation, and about one-third of the charges for a 
mercury-vapour rectifier substation. From our point 
of view, therefore, one of the strongest claims made 
by the author is not justified. There is no saving in 
attendance or on capital cost for the plant alone—apart 
from the feeders. I agree that a considerable saving 
can be shown on low-tension feeders by putting down, 
smaller substations. The ripples on a supply system 
raise a very serious difficulty and there is something 
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to be said for the plain rotary converter which, does 
not g^ve such pronounced ripples as the mercury-vapour 
rectifier does. With regard to the rectifier generally, 
it certainly simplifies the automatic control gear, 
although in the system we have evolved we have no 
^ more relays than are required for the rectifier plant. 
The opera.ting engineer is kept in close contact with 
the machine through instruments during the whole 
time the plant is running. He can stop it at any part 
of the process of running up. He has an indication 
of the load and the voltage and he can adjust these 
to suit the prevailing conditions. He can shut the 
machine down and close or open the low-tension circuit 
breakers at will. With the exception of not being able 
to see the machine, he can in fact perform all the 
functions of a manually operated substation. These 
developments ratlier lessen the scope for the mercury- 
vapour rectifier. With regard to the reliability of 
rotating plant, we have run unattended stations for 
over 20 years. During the whole of that time we have 
lost only two bearings : one due to a fractured sight- 
glass on the oil pump and the other due to a misjudgment 
on the part of the attendant as to the height of the 
oil in the well. These difficulties have been overcome 
by a different type of bearing which dispenses with 
sight-glasses and allows the rings to dip further in the 
oil well. All unattended rotating plant should be 
fitted with pump lubrication in addition to rings. Our 
experience proves that the risk of running unattended 
substations is very little greater than it is with manually 
operated substations or witli mercury rectifiers. It 
may in fact be less, as it seems to me that eventually 
when the bulbs get impaired there is certain to be a 
dead short-circuit. I should be glad if the author 
would indicate how the regulation would be effected 
in order to ensure that each unit took its proper share 
of the load in a substation having an aggregate capacity 
of, say, 2 000 kW. 

Mr. W, A. A. Burgess ; The author appears to have 
made out a good case for the mercury-vapour rectifier 
for loads up to 260 kW at 26 periods. Beyond that 
^ cannot see any case for the mercury-vapour converter 
m its present state of development. I am fully in 
agreement with Mr. Shuttleworth on the question of 
coste, and in Appendix 2 I do not think that the 
author is quite fair in his estimate as regards rotary 
plant. He has installed three 500-kW rotary converters 
o take the load that is dealt with by four 276-kW 
500-kW units would apparently have 
sufficed. If he had iiiade these completely automatic or, 
cheaper stiU, if the cost of pilot cable is ignored, made 
^®^^^®’^°^trolled on the principle successfully 
adopted by Mr. Shuttleworth, the cost would have 
cheaper and somewhere about 
oOO per annum would have been saved. It will be 
seen from comparison between estimates (2) and (3) 

^ would thlen be very little 

®^®^®®’ favour of the mercury-vapour 

That of course assumed that he was able 
o obt^ three suitable sites and put one 600-kW set 
. proportion of the low-tension 

ment. On the question of buddings I agree witii 


Mr. Shuttleworth. The buildings illustrated are cer- 
tainly ample for the job, and I should be prepared to 
put forward an equipment which would provide fully 
1 000 kW in two 600-kW sets in one of the 276-kW 
substations. The roof for rotating plant would have 
to be higher, and the foundations heavier. T think 
the estimates for building are unduly liberal. As 
regards the actual value of the mercury conveai:er,. I 
can foresee a very good future, in spite of its present 
inherent disadvantages, for stand-by plant in the form 
of a mobile unit capable of being moved from station 
to station. As a stand-by for rotating plant it should 
be an excellent thing. It is a light equipment, it can 
be easily moved, and transformers could quite well be 
designed for rotary converters with suitable tappings 
to supply mercury converters. Further, with the type 
of control equipment put forward by the firm with 
which I am associated, the modification of the switch- 
gear and control gear would be extremely small, and 
such as could be provided for in advance at very little 
cost. I am rather impressed by the author's remarks 
regarding the severity of the short-circuit on both 
types of mercury arc. There seems to be no way of 
countering this, except on the a.c. side, with complete 
suppression of the arc and the necessity for restarting. 
One cannot use the d.c. high-speed reactance form of 
circuit breaker which has proved so effective in pre¬ 
venting flash-over on rotary plant. This type of 
circuit breaker definitely limits the short-circuit current 
to some 7 or 8 times full load and clears witliin 0-03 sec., 
compared with the more usual 18 to 20 times full load 
for a much longer period, and completely saves the 
brushes and prevents flash-over. The author raises a 
new point when he mentions the forming period required 
by the Brown-Boveri type of mercury-arc rectifier; 
botli the preliminary period and the periodical one after 
being out of service for 24 hours appear to constitute 
a rejd drawback. It reminds one of the periodic 
ch^ging required by the alujninium arrester '* on 
which so much faith was placed when it was first intro¬ 
duced into this country and in which American engineers 
apparently still have faith. The charging process with 
this apparatus was distinctly uncertain and a short- 
circuit was possible. The author seems to thin V that 
there is some risk in adopting totally automatic rotary- 
converter equipment, but after the risk voluntarily 
undertaken iii the development of mercury arcs I think 
he need have no fear on that score. It is true that the 
original completely automatic rotary-converter equip¬ 
ments were rather complex, but I think it will be 
agreed that tlie latest types, particularly tfie type 
manufactured by M^srs, Reyrolle and demonstrated 
by them at the British Empire Esdiibition, are as 
simple as anything that could be shown to us; certainly 
much simpler in arrangement than the panels and 
equipment shown on the lantern slides exhibited by 
the author. The complete diagram is no more complex 
than that of the author's own mercury-vapour equip¬ 
ment, with the exception that some 4 or 6 more relays 
are required for synchronizing and other purposes. 
The equipment has been proved in service to be as 
stable as manually operated plalit, and more dependable 
in emergency. My. Shuttleworth's equipment also 


MERCURY-VAPOUR RECTIFIER SUBSTATIONS: DISCUSSION. 


177 


tends to prevent operators’ mistakes, as the operator 
only has to manipulate a simple selector device and 
press a button in his distant control room. I have 
seen the equipment supplied to Mr. Shuttleworth, 
ajthough I have not had an opportunity of examining 
ij on tiSe site, and I could see no cause for apprehension. 
With regard to the author’s final remarks on ripples, 
with rotary converting plant the ripple effect is practi¬ 
cally negligible. The author states that the Post Office 
is- already complaining of ripples due to his mercury 
converters, and I am afraid that his colleagues in charge 
of fault protection will also be likely to complain of 
high voltage induced in neighbouring pilot wires. 
Cases have been known of breakdown of pilot cables 
due to high voltage induced by external high-frequency 
currents, and I am of opinion that a heavy d.c. fault 
on a circuit supplied by mercury-vapour equipment 
of considerable size will prove to be a parallel case. 
The figures given in the paper appear to contain no 
provision for loading the rectifier when the d.c. circuit 
breaker opens on a fault. I suppose that that is merely 
an omission, and that there is actually a loading resis¬ 
tance in case all feeder circuit breakers are out at the 
same time. In such a case it would appear that the 
arc would be extinguished unless a loading resistance 
were provided. Again, one of the figures shows a 
connection to the pressure-lowering equipment from 
the d.c. shunt. When the load reaches a certain 
npiininvum value the circuit breaker opens, but con¬ 
nections are also shown to the pressure-lowering equip¬ 
ment. Apparently at a predetennined excess current 
the pressure is definitely reduced to a certain value. 
What is that value, and what would happen when 
supplying an isolated network ? Would there still be 
such a connection to the pressure-lowering equipment, 
and, if so, how much would the pressure be reduced 
before the low-volt ” condition on the network caused 
a balance between the raise ” and “ lower '* coils of 
the controlling relay ? If on a network in parallel, 
the other stations would pick up when the mercury 
arc lowered the pressure. Nothing would happen if 
the pressure fell, but unless there is a limit to the 
pressure-lowering with an isolated system it appears 
that the maximum-current relay should be left out or 
at least not connected to the voltage regulator. 

Mr. W. H. N, James: Some 20 years ago a distin¬ 
guished foreign electrical engineer, M. Leblanc,* made 
the statement that, so far as epoch-making inventions 
were concerned, the electromagnetic principle was 
played out and that attention must be paid to the 
vacuunf tube. The accuracy of this prophecy has been 
largely borne out by the discoveries concerning the 
vacuum tube which have been made during the inter¬ 
vening period, and by the many commercial applications 
of this device not only to light-current engineering but 
also, as this paper shows, to power work. In nearly 
all d.c. circuits fed from electromagnetic machines, 
ripples are very noticeable and may arise from the 
effect of slots, the effect of eccentricity of the rotor 
* Ske Jomial 191S, vol. 51, p. 710. 


and, in an irregular form, from sparking at the com¬ 
mutator. Can the author give some idea of the relative 
magnitudes of the ripples commonly met with in such 
circuits and of those commonly met with in circuits 
supplied from rectifiers ? Information concerning the 
relative magnitudes of the ripples in circuits fed from 
glass-bulb rectifiers (with three anodes) and in circuits 
fed from Brown-Boveri rectifiers (with six anodes) 
would also be of interest. . Another point in which I 
am interested is in connection with parallel running. 
In the early days of the marcury-arc rectifier I believe 
it was necessary to have a special balancing transformer 
on the a.c. side when tubes were run in parallel, pre¬ 
sumably on account of the differing characteristics of 
the several tubes. I should like to know if this pre¬ 
caution is still necessary and also if rectifiers run 
well in parallel with rotary converters connected to the 
same d.c. busbars. The process called forming ” is, 
I understand, a means of getting rid of occluded air 
rather than any more material change in the surface 
of the anodes, and I should like to know, in the case 
of Brown-Boveri rectifiers, if re-formation is necessary 
after a short period of idleness if the vacuum has been 
maintained in the interval. 

Mr. T. B. Johnson: I should like to ask whether 
this method has been tried in places other than 
Birmingham, and, if so, to what extent. The Post 
Office Telephones Department used small mercury 
rectifiers to a fairly considerable extent in compara¬ 
tively small centres, Harrogate for instance, for charging 
secondary cells. We had a good deal of trouble, owing 
partly to transformer faults but chiefly to the failure 
of the mercury-arc rectifier; consequently the main¬ 
tenance was troublesome and costly. We have replaced 
them by '^Tungar*' rectifiers, which are similar in form 
to the ordinary amplifiers used in wireless work. In 
that way we have entirely eliminated the troubles. 
The mercury arc, if it stops, must be started again by 
someone on the spot. With the bulb any stoppage is 
merely for the period of the fault, and the bulb comes 
into use quite automatically as soon as that is over¬ 
come. Does the author think that it would be prac¬ 
ticable to develop this " Tungar ” rectifier in such a 
way that it would be suitable for electrical stations of 
the size he has described ? I assume that the large 
saving in first cost, of which the author speaks, in lay¬ 
ing high-tension cables with automatic rectifiers at 
the distant end, as compared with low-tension cables 
with static transformers at the principal station, is 
entirely due to the smaller amount of copper used. 
If so, I should have thought that it would be necessary 
for ttie lines to be of considerable length in order to 
wipe out the large cost of the apparatus at the sub¬ 
station. I should be glad if the author would give us 
some information on the important point of the extent 
to which the duration of the faults has been increased 
by installing these substations. 

[The author’s reply to this discussion will be found 
, on page 186.] 
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South Midland Centre at Birmingham. 3 December. 1924. 


Mr. F. Forrest: I suggest that the description of 
the apparatus referred to in the paper should be 
^ Mercury-Arc Rectifier ’* and not Mercury-Vapour 
Rectifier.*' The author uses both terms in the paper, 
and I think that the correct description should be 
standardized and always used when referring to this 
particular apparatus. The very brief reference, made to 
the 226-kW Brown-Boveri rectifier which has been in 
regular service in Birmingham for over 3 years, hardly 
does justice to a piece of apparatus which has given 
extremely satisfactory service in connection witli both 
low-tension lighting and traction supplies. The fact 
that this type of rectifier cannot at present be obtained 
in small units has militated against its more general 
adoption in Birmingham. The steel-clad water-cooled 
rectifier is, in my opinion, a much better type than the 
glass bulb cooled by an air blast from a fan. The glass- 
bulb type is not shielded from external magnetic fields, 
which may deflect the arc and cause internal short- 
circuiting, whilst the cooling cannot be uniform over 
the surface of the glass bulb. I believe that certain 
experiments have been carried out in Germany with the 
glass-bulb type of rectifier immersed in a steel tank 
filled with oil. It seems to me that this experiment may 
give very good results, increase the output and lengthen 
the life of the bulb. It will lead to more uniform 
cooling of the bulb, shield it from external magnetic 
fields and Either assist in maintaining the high vacuum 
required. The descriptions of the protective relays 
used in connection with the rectifier, rather mask 
the fact that tlie control relays required are few 
in number and simple in the operations they have to 
perform. In this respect the rectifier has an immense 
advantage over the automatically controlled rotary 
converter. I should be glad if the author would state 
the number of relays normally required for the control 
of the glass-bulb rectifier, as compared with the number 
required for the complete control of a rotary converter 
for the same class of service. The successful use of 
these rectifiers for developing the outlying parts of the 
City of Birmingham on the low-tension direct-current 
system, which, as the author points out, is on the whole 
the best system from the consumer's point of view, is 
one further reason why the present methods of genera¬ 
tion and distribution of electricity should not be too 
rigidly standardized, as it is certain that further improve¬ 
ments along the lines described in the paper may sub- 
stantiaUy alter what is at present regarded as standard 
practice in most parts of the country. 

Mr. R. G. Jakeman: In connection with the auto¬ 
matic voltage regulator, the author uses a regulating 
transformer with tappings and sliding contacts. Has 
the question of using an induction regulator been 
considered, and, if so, how does it compare ? Has the 
author considered the use of condensers on the h.t. side 
to improve the power factor ? Is it necessary to use a 
high-speed circuit breaker in case of a short-circuit just 
outside the substation ? It is possible to be troubled 
th telephone interference both with mercury rectifiers 
with rotary converters. I have just obtained 


oscillograms from a large 25-period rotary converter 
which show that the tooth ripple on open-cir^it is so 
small that it is diflicult to read its value, while the 
sixth-frequency ripple on full load is only about ± i of 
1 per cent. 

Mr. J. T. H. Legge ; The one point on which I find 
myself in disagreement with the autlior is his statement 
in the third paragraph of the introduction to the paper, 
where he says that a frequency of 25 periods per 
second is unsatisfactory for domestic purposes, and 
that it becomes necessary either to convert to direct 
current or to change the frequency. Within 10 miles of 
the City of Birmingham are several thousands of houses 
lighted by electricity at 25 periods per second, and I 
can safely say that up to the present time not a single 
complaint has been received as to it being unsatisfac¬ 
tory owing to the low frequency. I should like to remind 
the author that the entire supply of current from the 
Niagara Falls stations, on both the American and the 
Canadian side, amounting to a total plant capacity of 
1 000 000 kW, is generated, transmitted and distributed 
at 25 periods per second. The area covered is many 
hundreds of square miles, in which is situated the City 
of Buffalo with over half a million inhabitants, and 
every lamp is operated at 26 periods per second.^ I am 
sure, however, that the field for conversion of alternating 
current by means of mercury-vapour rectifiers is rapidly 
widening where such change is necessary. 

Mr. C. W. Goodman : Operating engineers, both in 
this country and abroad, will particularly welcome tliis 
paper as it shows in detail how a particular problem was 
attacked and the results which were obtained. It is not 
often that a paper such as this gives both the advantages 
and disadvantages of the method adopted and tlie 
comparative costs of alternative schemes in such detail. 
It is, perhaps, a pity that the question of using frequency- 
changers and a low-tension 60-period network instead of 
direct current has not been dealt with more fully in 
the paper. The reason for tliis is made more apparent 
by the author’s supplementary remarks. Frequency- 
changers are reliable machines and very easy to operate, 
and being installed in a generating station would not 
require any extra supervision. Sets rated at about 
1 500 kVA could be purchased for about £4 per kVA 
complete with starting gear, and as modem frequency- 
changers have a good efficiency it would appear that 
the overall efficiency of the system would be higher 
than is the case with small rectifier substattohs, dealt 
with in the paper. I should like to know whether the 
author considers that on a system where no commitments 
had been made in the outer area, this alternative would 
not be the best to adopt. It wo’uld appear from that 
part of the paper which deals with the steel-cylinder 
rectifier, that if it is desired to keep a special rectifier 
standing by, as would be necessary in the case of impor¬ 
tant traction substations, the set would have to be kept 
on a light dead load in order to prevent the half-hour 
delay before it could be put on the line. This seems to 
be a serious matter, as thef>st&!nd-by losses would be a 
big item in a year’s run. The ripple present in these 
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rectifiers is mentioned in tlie paper. On higher 
voltages and frequencies generally met with in railway 
electrification, the amplitude and frequency of the 
ripple would be much greater, and one wonders whether 
the resultant heating on unlaminated magnetic circuits 
in dx. ^apparatus connected to the system would not 
be serious. Turning now to the question of regulation, 
it would appear from other published matter on these 
rectifies that the voltage characteristic from full load 
to 1/lOth load is comparable with that of other electrical 
machines. Apparently, however, below 1/lOth load 
the voltage rises considerably and to a very high value on 
open-circuit. It would be interesting to know how tliis 
is dealt with, as one can conceive that should a heavy 
consumer throw off his load from a substation, leaving 
only a few lamps in circuit, these might be damaged due 
to over-voltage. Reference is made in the paper to 
the important question of the design of substation 
buildings, and I feel that very often more attention 
should have been given to this matter on systems where 
the inhabitants have complained of unsightly substation 
buildings being situated in better-class residential areas. 
As the subject of noise has been mentioned, I should like 
to say, on behalf of the rotary converter, that a good 
deal can be done in the design of the substation building 
towards eliminating noise altogether, without excessive 
increase in cost. In Appendix 3, the cost of the e.h.t. 
switchgear, consisting of seven 6 000-volt panels, some 
if noli all of which would be electrically operated, is £323, 
or £46 per panel. On the other hand, in Appendix 2 
the figure for e.h.t. switchgear in a manually operated 
rotary-converter substation where five 6 000-volt panels 
are required, is £800, or £160 per panel. I should like 
to know the reason for this discrepancy, as if a more 
expensive switch is necessary on rotary converters one 
would assume that it is also necessary for the rectifiers. 

Dr. G. G. Garrard : From the psychological point 
of view I think that the employment of attendants in 
substations is to be deplored. Generally speaking, they 
have ^ery little to do, and I am sure that to spend any 
length of time as a substation attendant must have a 
very bad effect on young electrical engineers. I, 
myself, am a believer in automatic working, and am 
convinced that it ^vill come more and more into use. 
As the author has shown, a' rectifier appears to be ideal 
for automatic working, and the gear required is certainly 
simpler than that necessary for automatic rotary con¬ 
verters. As regards the system of electrical distribution 
to be adopted in the future in this country, I believe 
that this will remain direct current in the great majority 
of cas^. The author's case is, of course, based upon a 
26-period system, where the advantages of d.c. distri¬ 
bution are certainly greater than if the standard 
frequency of 50 had been adopted, but if distribution is 
to be by direct current I take it that a good case could be 
made out on a 50-period system. I should be glad if 
the author would state what, in his opinion, is the largest 
size of rectifier which is commercially practicable at tfee 
present day, and when he would begin to install auto¬ 
matic or non-automatic rotary converters. The reports 
available regarding the operation of large rectifiers are 
certainly very variable. The conclusion I have arrived 
at is that their reliability® is not so great as that of a 


I modem rotary converter. It would, I think, be most 
valuable if the relative reliability of the largest prac¬ 
ticable size of rectifier, compared with that of the cor¬ 
responding rotary converter, were thoroughly explored. 

Mr. R. A. Chattock ; When the question of giving 
a supply to the outlying residential districts of Binning- 
ham had to be considered, the following decisions were 
arrived at. An a.c. supply at 26 periods per sec. was " 
considered to be unsuitable, owing to the slight flicker 
that is noticeable. The proposal to install frequency- 
changers to change the frequency from 26 periods to 
60 periods and to supply the districts with 60-period 
alternating current was carefully gone into and com¬ 
pared with the proposal to use rectifying plant and ta 
distribute direct current on a three-wire network. The 
drawbacks to the frequency-changer scheme, which was 
admittedly cheaper than the rectifier scheme, were : 
(1) a much lower efficiency of transfonnation; (2) the 
impossibility of linking up the distributing networks 
with the existing d.c. networks in the city, which are all 
provided with a battery stand-by; (3) the greater suit¬ 
ability of direct current for heating, cooking and the 
small power apparatus used in private houses ; and (4) 
the less risk of shock with direct current compared with 
alternating current. The Birmingham undertaking had 
already obtained experience with a Brown-Boveri steel- 
cylinder rectifier, which had been in use at one of the 
substations running by itself, and also in parallel with 
rotary converters and a storage battery. The excellent 
results obtained with this piece of apparatus prompted a 
very careful inquiry into the use of the glass-bulb 
rectifiers which, it was felt, were more suitable for small 
power substations which it was proposed to install for 
feeding into d.c. networks, with a view to eliminating the 
heavy cost of long low-tension feeder mains, and manu¬ 
ally operated rotary-converter substations. As a result 
of these inquiries it was decided to adopt tlie glass-bulb 
rectifier plant, and it is gratifying to know that these 
have proved to be highly satisfactory. Their use lias 
been extended also for tramway traction purposes. For 
substations of larger capacity it will probably be found 
that the automatic rotary converter is more suitable, 
but in residential districts the rectifier is preferable on 
account of the greater simplicity of the automatic 
controls, and also because of the silence with which it 
runs, the latter being particularly important in a residen¬ 
tial district. The experience in Birmingham with tliese 
glass bulbs has been highly satisfactory. Not a single 
failure of a 230-volt bulb has occurred, and there have 
been very few failures on the higher voltages. It is a 
very simple matter to take out a bulb and replace it if 
it does happen to fail. It should be remembered that 
apparatus of this kind is of fairly recent development for 
capacities of 25 to 100 kW, and that in all new apparatus 
a certain amount of pioneering work must be done and 
experience obtained before the various little difficulties 
that always arise can be overcome. The question of 
interference with telephone circuits, owing to the high- 
frequency ripple in the direct current supplied from these 
rectifiers, has been mentioned. So far, we have only 
had one complaint of this effect on the traction route 
that has been referred to in the paper, where the 
currents are fairly heavy and the overhead trolley wire^ 
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is of course at a distance from the return rail* Conti¬ 
nental experience indicates that the insertion of a 
resonant shunt in the circuit will completely remove this 
trouble, and this apparatus is now being installed. As 
regards the Brown-Boveri steel-cylinder rectifier, this 
has also given us entire satisfaction as regards its opera¬ 
tion. At the present time, however, the apparatus is 
more expensive than the automatic rotary converter, 
which for larger sizes is quite suitable. It is also 
manufactured abroad, a fact which, under present con¬ 
ditions, rules it out so far as Birmingham is concerned. 

Mr. A. E. Angold : I should be glad if the author 
would give some information on tlie following points: 

(1) The cost of upkeep (per kW output) of a rotary 
converter, compared with that of motors for cooling 
fans and voltage regulators used with Hewittic rectifiears. 

(2) Does a rotary converter need (per kW output) 


any more “ minding ** than the fan motors and voltage 
regulators mentioned above ? 

(3) Which creates the more noise (per kW output)— 
the rotary converter or the above-mentioned fans ? 

(4) What is the percentage voltage ripple between 
outers and middle wire with 3-anode and withr6-anode 
rectifiers, and what would be the extra cost of effective 
chokers in the middle wire and voltage regulators 
supplied to each side of the middle wire in connection 
with 3-anode rectifiers ? 

(6) What are the percentage extra costs of trans¬ 
formers and the percentage extra loss in the same for 
6-anode and for 3-anode rectifiers, as compared with 
rotary-converter transformers of equal capacity ? 

[The author’s reply to this discussion will be found 
OD page 186.] 


Mersey and North Wales (Liverpool) Centre, at Liverpool, 16 December, 1924. 


Mr. P. J. Robinson: The author has produced a 
d.c. distribution from a 25-period supply, and, whilst 
appreciating that his difficulties are very real, I cannot 
agree with some of the statements which he makes 
when trying to justify his particular method. He 
states that direct current has distinct advantages over 
alternating current for the supply of the domestic 
and cooking load. If he is referring to a 26-period 
supply I am bound to agree with him, but if the supply 
is at 60 periods I wholly disagree. Some hundreds of 
houses in Liverpool are supplied with alternating 
current, and of tlie two, from the point of view of dis¬ 
tribution and supply, I prefer alternating current. 
We find it is far more flexible. I admit that the direct- 
current supply has an advantage in power work in regard 
to speed regulation, but this disadvantage has to a 
large extent been overcome by means of cascade 
motors, by pole-changing and by commutating a.c. 
motors where wide variation of speed has been called 
for. This slight disadvantage is, in my opinion, far 
outweighed by the advantage of the flexibility of the 
a.c. distribution. With regard to the general power 
supply, I do not think that the author has put forward 
any case which justifies the use of rectifiers. W;ith 
regard to automatic stations, I agree with the autlior 
i^at these have their use, not for feeding long and 
lightly loaded distributors, but for the purpose of 
maintaining the pressure in congested areas, over periods 
of peak load. It would not be advisable to deal with 
a new district by means of a low-tension d.c. distri¬ 
bution, an efficient a.c. distribution being far preferable, 
and I think that the author adopted the present system 
more by force of circumstances than because he is 
strongly in favour of it. We, in Liverpool, have had 
some experience with fully automatic stations, and 
during the tune that they have been in operation (one 
has been working since August 1922, and another 
since September 1923) there have only been two mis¬ 
haps that might be called breakdowns ; in both these 
cases the supply was not interfered with but the auto¬ 
matic statibn refused to operate. On the first occasion 
the trouble was due to a flaw in the metal of the brush- 


raising gear, and in the second case to a pilot brush 
sticking in the holder. The author states in col. 2 of 
page 165 : '' The method of starting up and shutting 
down the set as required is comparatively simple, and 
follows the practice adopted for automatic rotary con¬ 
verters. It is, however, much simpler and requires a 
smaller number of relays.” I have carefully studied 
tlie author’s Fig. 11, and, comparing the number of 
relays and fuses with that of an automatic rotary 
station, I find that there is little to choose between 
them. In fact the automatic station with the same 
amount of protection has actually fewer relays, but in 
the case of the automatic station put forward in my 
paper * the safety of supply and plant is looked after 
in a far more efficient way than in the station put 
forward by the author, so that the actual comparative 
number of relays depends largely on the care taken in 
giving the supply. The author states that the life of 
a bulb is very long. I do not consider that 8 00(f hours 
(which is less than a year) is a very long life for any 
piece of electrical apparatus, and I would suggest 
that where he is opening up d.c. distribution in new 
districts, i.e. where he is using two bulbs across a 
three-wire 460-volt supply, the consumers would be 
subjected to a periodic shut-down, more especially if 
the substation in question were not coupled up to its 
neighbour. It would also appear that when supplying 
consumers from two bulbs in series on a three-wire 
system, the middle wire, or neutral, would have to be 
of the same section as either of the others. 

Mr, T. W. Ross; The steel-cylinder or ^"Brown- 
Boveri type of rectifier is, for several reasons, not 
very well adapted to automatic control, and the author 
states that one of the drawbacks is that the anodes 
have to be re-formed after each shut-down of 24 hours' 
duration. This seems to be a decided disadvantage 
as, although the forming operation can be done in 
30 minutes, it seems desirable to be quite sure that it’ 
has been successfully performed before switching on. 
The main trouble, however, is the vacuum in the 


* The Maintenance of Voltage on a D.CL Distribution System by 
Fully Automatic Substation,” Journal I,mE., 1923, vol. 61, p. 417, 
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cylinders. For successful operation this must be main¬ 
tained to the extent of somewhere about 0*1 mm of 
mercury. In looking into the question of automatic 
control for these rectifiers some two or three years 
ago, I found that the measurement of the vacuum 
was a mt^st difficult matter when, in addition to measur¬ 
ing the vacuum, it is necessary to operate a contact 
device ^o initiate the operation of the automatic switch¬ 
ing apparatus. The vacuum gauge supplied with this 
rectifier has to be operated by hand in order to obtain 
a suitable scale reading. It seems to me, therefore, 
that unless the author has some suitable means of auto¬ 
matically measuring the vacuum and initiating switch¬ 
ing sequence at the correct moment, there is a grave 
possibility of short-circuits or flash-overs taking place. 
I note that it is not necessary to run the exhaust 
pump unless the load is greater than 60 per cent, but 
this will no doubt mean running the pump all the time, 
as one can never be sure what load may be demanded 
from the rectifier. This also means that the vacuum- 
njeasuring device must be in service all the time 
the rectifier is on load, and ready to shut it down if 
and when the vacuum fails. Referring to Fig. 1, I 
notice that tliere are no fuses between the transformers 
and. the rectifier. Are fuses no longer used ? The last 
time that I examined a rectifier equipment, each anode 
circuit was carefully fused. I suppose that these fuses 
are to take, care of the heavy short-circuits which can 
take plAce if the vacuum fails, or for any other reason. 
The glass-bulb type of rectifier is much more suitable 
for automatic control and offers very little difficulty 
in that direction. The greatest drawback to this type 
of rectifier seems to be the comparatively small size 
of the converting unit and the delicate nature of the 
glass bulbs. The question of simplicity of the automatic 
control gear is very often raised by operating engineers 
and is a point which at times is very much over¬ 
stressed. To say that the control gear’ for these glass 
bulbs is jnore simple than that for an automatic rotary- 
converter is to my mind of very little importance 
from an operating point of view. The manufacturing 
undertaking that sells automatic substation control 
gear has to provide such protective apparatus as will 
give protection to the converting plant under all con¬ 
ditions and, moreover, must discriminate between 
faults inside and outside the substation building, so 
that the converter will not be locked out of service 
unless absolutely necessary. That is where most of 
the so-called complication comes in and gives rise to 
the necessity for most of the relays used. The actual 
control gp^r for an automatic rotary converter is very 
simple and, in comparing the two schemes, this fact 
must not be lost sight of. In any automatic control 
scheme a certain amount of development is very often 
brought about by the process of evolution, and I believe 
-that the author will find, if he has not already found, 
that certain additions to the con-trol apparatus are 
desirable in order that certain conditions may be taken 
care of. For instance, I see no means of disconnecting 
the bulb if the cooling fan fails, and I presume that it 
will be necessary to do this as a safeguard against 
damage to the bulbs. Injcomparing the cost of a con¬ 
verting plant with rotary converters against that of 


rectifiers, I think that it is only fair to take into 
account the overload capacity of the two equipments, 
and I should be glad if the author would give the 
overload capacity of the two types of rectifiers men¬ 
tioned. The manufacturer of rotary converting machi¬ 
nery is continually being asked to increase his overload 
guarantees, and one must not overlook this fact when 
the rating of the plant is considered. It is also very 
difficult to compare the cost of switchgear. The break¬ 
ing capacity of oil switches, the number and type of 
auxiliary apparatus used, etc., all give room for con¬ 
siderable difference without affecting the actual switch¬ 
ing operations. If, therefore, we compare the cost of 
an automatic rotary converter equipment with that 
of an automatic rectifier equipment, it would be more 
accui*ate to leave out any switchgear or control gear 
common to both. Taking the figures given by the 
author in Appendixes 2 and 3, I find that without 
this common switchgear the prices of automatic rotary 
converters will compare very favourably with those of 
rectifiers, showing a decided balance in favour of rotary 
converters. The cost of the d.c. switchgear given in 
Appendix 3 seems very low, as apparently this includes 
five automatic reclosing circuit breakers, knife switches, 
meters, slate panels, angle iron, copper busbars and 
connections, and all auxiliary apparatus. I feel that 
some mistake has been made here and I should be glad 
if the author would state exactly what gear is included 
in this price. No mention is made in the paper of the 
limitation of the mercury-arc rectifier station and I 
am sure that there must be some point where it is 
desirable to install rotary converters instead of rectifiers. 
This is more or less proved by the fact that the Bir¬ 
mingham Corporation sometimes order rotary con¬ 
verters, and it would be interesting to know under 
what conditions these are found to be more suitable 
than mercury rectifiers. In conclusion, I think that 
the schemes outlined by the author are probably more 
suitable to the particular conditions existing at Birming¬ 
ham than to the general problem of converting plant. 

Mr. J. H. Williams: The author gives the cost of 
the rotary converters on page 172 as £6 per kW, and 
of the rectifiers as £8, therefore.it would seem that the 
difference in cost is mainly due to the type of. switch- 
gear used. In the case of rotary converter installa¬ 
tions already running, practically the maximum number 
of protective relays have been put in, whereas the 
Birmingham Corporation, who have themselves pro¬ 
vided the switchgear, have approached the problem 
with the idea of having the minimum number of relays, 
a frame of mind not usually found in purchasers. The 
efficiency of the mercury rectifier on 230 volts is low; 
also it seems questionable whether it would not pay 
to put in a 300-500 kW rotary converter at the start 
rather than put in a 46-kW mercury rectifier and then 
have to keep adding to it as the load grows. The 
mercury rectifier cannot claim to take up less space 
than the rotary converter. I should like to know 
whether the author is prepared to give the cost of the 
bulbs, and also the average life; both of tliese items 
would be of interest. I gathered firom the author's 
opening remarks that the overload capacity of the 
bulbs is limited to something like 4 to 5 per dfent. 
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Mr, L. Breach: On one lantern slide exhibited by 
the author there appear to be some oil circuit breakers 
controlling the dx. supply. I should like to know 
whether any trouble has been experienced with these 
switches and whether the carbonization which takes 
place on opening circuit has had any ill effects. Has 
frequency any effect on a flash-over, that is to say, is 
the risk greater or less at 60 periods than at 25 periods ? 

Speaking of telephonic disturbances, the author appeared 
to be rather anxious about the results that he would 
obtain from the insertion of reaction and resonant 
shunts, but I can assure him tliat if he has taken the 
same values as we have in Liverpool his troubles 
with the Post Office will cease, as we have been fortunate 
in eliminating all disturbances. I should be glad if 
the author would say whether an^r loading resistance 
is left across his rectifier when operating on a traction 
load; this would appear necessary, otherwise the 
bulbs will require tilting each time the load on the 
line drops to zero. Also, has he found the reclose 
breaker satisfactory on traction, and is there a limit 
to the number of times it operates ? It seems to be a 
dangerous proceeding to leave a breaker to close as 
soon as the fault is removed, as it is of course equivalent 

North-Western Centre, at Manchester, 16 December, 1924. 

Mr. H. A, Ratcliff : It is evident that the choice margin of spare plant. Experience has sho'jyn that 
of a direct-current system of suburban distribution has such small plant capacities are of very little use for 
been influenced by the comparatively low frequency dealing with the rapidly growing domestic heating and 
of the Birmingham high-tension alternating-current cooking loads. Such very small substations are only 
supply system, and to that extent it is perhaps permissible justified when they are connected directly to the dis- 
to say that the author is making a virtue of necessity, tributing network without any feeders at all, and, as 
since he admits the conveniences and advantages of a soon as feeders become necessary, the stations are 
three-phase, four-wire distribution network—^provided approaching a size for which rotary converting machinery 
that the frequency is suitable for a lighting load. The would be more satisfactory and probably more efficient, 
occasion is not opportune for a discussion of the relative In one of the appendixes a comparison is made 
merits of a.c. versus d.c. S 3 rstems of distribution, but between feeders and 276-kW rectifier substations, but, 
it is significant that the author refers to the advantages provided that it is not unduly long, a 1 sq. inf 460-volt 
of direct current for domestic loads, and as there are still feeder has a much greater capacity than 276 kW. 
a few advantages attaching to a d.c. system of distribu- There are one or two real advantages attaching to the 
tion it would be helpful if he would amplify his reference use of feeders of moderate length. The loan period 
to the domestic load. Assuming tliat the only cure for feeders is very much longer than that for plant of 
for a low a.c. frequency is a d.c. system of distribution, the same equivalent capacity, and consequently the 
the case appears to become largely one of substations capital charges are correspondingly lower. Suitably 
versus feeders, and undoubtedly, within reasonable disposed feeders enable the total load capacity of a sub¬ 
limits, a gradual increase in the number of substations station to be increased, with the result that the cost per 
is the correct policy—it is, in fact, the policy which is kW of plant and the proportionate operating costs are 
being carried out in Manchester, although not quite on both very appreciably reduced. The maintenance of 
the extensive scale advocated by the author. It follows feeders is an almost negligible item and, in the case of 
as a natural corolla^ that small substations must be new districts, provision can be made for tliem when 
either fully or semi-automatically contixlled, if they laying the distributors. A much more uniform dis- 
are to be commercially successful. Manual control is, tribution of the pressures, and balance of tlie load, on 
of qourse, quite out of the question, even in the case of a three-wire network are possible when feeders are 
substations of mu^ larger capacity than those described employed, and the location and isolation of network 
in the paper. Without a more intimate knowledge of faults is greatly simplified. The autlior appears to 
the Birmingham conditions, it is not possible to criticize have experienced very little trouble in obtaining suit- 
either the schemes referred to by the author or the able sites for substations; that is very fortunaCte, 

figures relating to costs which are given in tlie appendixes, because it is essential that small stations connected 

Substations having a total capacity of only 230 to directly to the netvs^ork should be located within the 

276 kW appear to be unduly restricted and, moreover, confines of a fairly restricted area. In some districts it 

it is not ^evident whether these capacities include any is extremely difficult to obtain suitable sites, and land- 


to clearing a fault with pressure on. Referring to the 
designs of substations adopted by the author, I should 
like to describe the method by which we have solved 
the question of ventilation in Liverpool. In all cases 
we introduce cold air into sealed ducts under the trans¬ 
formers. Through the floor under each transformer is 
a 12 in. pipe, and as there is no other inlet into the 
substation all cold air must pass round the transformer 
and out through a large ventilator in the roof. The 
inlet ventilator is above ground-level outside, with a 
duct built into the wall and into the transformer air- 
duct. We have found this cheap to construct and the 
results have been most satisfactory, all short-circuiting 
of air having been done away with. In Figs. 4 and 6 
there appears to be one transformer for four rectifiers, 
and in Fig. 5 there is apparently no switchgear between 
the transformers and the rectifiers. Apparently if 
one rectifier develops a fault the only protection is 
the oil switch controlling the transformer, and’ if this 
operates all four rectifiers will be shut down. It is, of 
course, possible that some switchgear is inadvertently 
left out of the figure. 

[The author’s reply to this discussion will be found * 
on page 186.] 
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owners frequently object and even refuse to sell land 
for the erection of substations. It is possible, however, 
that the prejudice against substations would largely 
disappear if they conformed more closely with the 
axchitecljural amenities of the district, and, therefore, 

I quite agree with the author that they should be designed 
by architects. Taking everything into consideration, 
rectifiere appear to furnish the only means suitable for 
carrying out the schemes referred to in the paper. 
The cost of automatically controlled rotary machinery 
for such small sizes is quite prohibitive. There is, 
however, some prospect for the empl 03 nnent of small 
self-automatically controlled machines, particularly in 
view of the unduly high cost of rectifiers. The author 
is to be congratulated upon his very effective and com¬ 
paratively simple automatic control arrangements. 
Unfortunately, it is a common mistake to make auto¬ 
matic equipments far too complicated. Ihe manu¬ 
facturers of automatic control gear appear to have a 
poor opinion of the plant which the gear is to control, 
and consequently they introduce a variety of devices 
to meet more or less imaginary troubles. Such a 
multiplicity of protective devices is quite unnecessary, 
and the ultimate development of successful automatic 
gear will be along the lines of gradual elimination of all 
unessential features. It is an inherent advantage of 
mercury rectifying plant that it lends itself more or 
less to simple methods of control, since the rectifiers ^e 
non-reversible and there are no synchronizing difficulties. 
The voltage-control scheme illustrated in Fig. 8 is very 
ingenious and, so far as can be judged from the de¬ 
scription, it should be quite free of any tendency to hunt. 
One very interesting point is the critical nature of the 
first few days' life of the bulbs, and therefore presumably 
the manufacturers allow a reasonable proving period, 
during which they accept full responsibility for tiie 
satisfactory behaviour of the bulbs. In estimating 
the ultimate life of the bulbs, however, some allowance 
for pos»ble accidents appears to be desirable, since the 
residual value of a broken bulb must be very small, if not 
entirely negligible. The outstanding advantage of the 
glass-bulb type of rectifier for use in residential dis¬ 
tricts, and possibly also for boosting purposes in the 
centres of large cities, is the complete absence of noise. 
Another advantage is the division of the load between 
several bulbs, since in the event of one bulb breaking 
there is every prospect that the load will be carried 
on the remaining bulbs. Rectifiers of this type should 
also be very suitable for relieving the load on feeders 
and distributors in large cities where the cost of addi¬ 
tional fSdders is very heavy and where it is frequently 
very difficult, if not impossible, to find room for them, 
owing to the congested condition of the ground under 
the streets. 

Mr. D. S. Paxton; The reason why in the author's 
case it is necessary to run the vacuum pump continuously 
when operating the rectifier at more than half-load, as I 
Understand is the case, is probably the fact that the 
load conditions are such that the rectifier has never 
run continuously on full load for any length of time, 
so that the cylinder has not been fully formed. The 
final forming of the C 3 din<ier is not attained until a 
number of full-load runs of some duration have been 
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made. In the ordinary way it is found that the rectifiers 
when fully formed will run on full load without the 
vacuum pump just as well as they will on partial load. 
The author has referred to the reduction in the time 
required for forming. The process has been rather 
altered since the rectifier was installed in his case, so 
that a great deal of time is saved. The necessity 
for re-forming after a plant has been shut down is also 
entirely overcome, and the rectifier can be put on full 
load however long it has been standing, provided the 
vacuum is right. Provision has been made that the 
vacuum shall always be kept up to the correct figure 
by the latest type of constantly indicating vacuum 
gauge, which can be arranged to control the vacuum 
pump automatically, even if the rectifier is out of 
service. In such cases if the vacuum drops, the pump 
can be arranged to start up from an auxiliary supply 
and thus bring the vacuum back to the correct value, 
so that the rectifier is always ready to take up its load. 
The author assumes that the frequency of the ripples 
in the d.c. supply is six times the fundamental fre¬ 
quency. which is, of course, correct where tliere is a 
six-phase connection, but in the three-wire diagram 
(Fig. 6), showing a first instalment of plant in a small 
lighting substation, apparently there is one bulb only 
on each side of the system, to each of which only three 
phases of the six-phase transformer are connected, so 
that presumably the ripple in this case will be three 
times the fundamental frequency of 25 periods per 
sec., viz. 75. When extensions are made, however, 
the phase connections to the new bulbs will doubtless 
be arranged in the reverse manner so that tliere will be 
a six-phase connection on each side of the tliree-wire 
system. I am not quite clear about the exact arrange¬ 
ment of the special regulating transformer, but I presume 
that it is on the low-pressure side between the six- 
phase winding and the bulbs, unless the main trans¬ 
former itself is tapped and brought out to tlie regulating 
switch. I should be glad if the author would give 
some furtlier explanation on this point. Tappings are 
not very desirable on a six-phase transformer winding. 
With three or four tappings per phase there are a large 
number of connections to bring out, and this is to be 
avoided if possible. In the comparative estimates of 
three alternative schemes for dealing with the conditions 
that arise in Birmingham, I see that in No. (2)—a 
manually operated substation with low-tension feeders 

_^the allow^ance for the maiipitenance of plant is £150, and 

in alternative No. (3) the same allowance is made for 
the maintenance of bulbs and plant. I should like to 
know whether this is purely an estimated figure or 
whether it is based on any definite tests. In the case 
of a scheme of this size—four substation buildings each 
containing a 276-kW rectifier equipment—it appears 
to me that, to come within this figure of £150, one must 
assume the life of a bulb to be five or six years. Has 
this period been definitely taken as a basis ? 

Mr. A. B. Clarke : 1 should be glad if the author 
would say (1) what is the recorded number of shut¬ 
downs in twelve months for the best installation of 
which he has had experience, and (2) what the figure 
is for the worst installation. Given these two extreme 
conditions, we shall be able to form some •idea of the 
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relative reliability of this form of conversion. The 
author mentions that short-circuits are very severe. 
What does he mean by that ? Is it that the bulb is 
shattered and the mercury distributed over tlie con¬ 
tents of the cubicle, or is it that the bulb remains intact 
but the rush of current is so severe as to tax the breakers 
or fuses installed in circuit therewith ? I should also 
like to know the average life of the high- and low- 
voltage bulbs under actual working conditions; also 
whether any warning is afforded before a short-circuit 
occurs, so as to give an opportunity of changing the 
bulb before trouble eventuates. The author states that 
his substations have a capacity of 92 kW, and that 
provision is made to increase this to 230 kW. Do 
these substations supply a calculated unit area and, if 
so, what is tliat area, or what is the average number 
of domestic consumers served per substation? On 
page 161 the author states that tlve substations are 
connected to ring mains by means of non-automatic 
oil switches. It would appear to be questionable 
practice to link them thus solidly, owing to the danger of 
shutting down large areas—^and so losing one of the 
greatest advantages of small substations supplying 
small areas—^by trouble which might occur either on 
any part of the ring main or in any substation. In 
Fig. 8 the author shows four rectifiers and says that 
the supply to the motor is so interlocked with the 
excitation relay (8) of each rectifier bulb that a failure 
of a.c. pressure or a failure of any one bulb opens the 
motor circuit." The correctness of the procedure 
outhnM in the last alternative seems debatable. 
Assuming that all the rectifiers were carrying 2/3rds full 
load and one failed, then the other three would pre¬ 
sumably take up each 8/9ths of their respective full 
loads, with the result that the voltage on the line would 
immediately fall and, in the absence of automatic 
regulation, would remain low. Thus, just when regula- 
tion IS most required, it is absent. I should be glad if 
the au^or would say whether there is some reason for 
this. I am rather in doubt whether the mercury-arc 
metiiod of rectification would ever have been adopted 
h^ not the periodicity of the Birmingham supply been 
tee mconvenient one of 26. and in this connection it is 
mterestog to compare the cost of this method with 
that of changing over from direct current to three-wire 
single-phase at 50 periods. Recently such a change- 
ovCT has bem effected in this district, the transmission 

beinfAff* *^^®«-phase. the transformation 

being effected by means of Scott-connected transformers, 

^ tJ^ee-wire system 

at 460 volts between outers and 230 to neutral. Satis¬ 
factory arrangements were made to effect adequate 
balancing^ of tte transformers. The eventual capacity 

S-AbTi; costs per kVA were approxi¬ 

mately tee same as those quoted in the paper. The 
total cost with the present plant (300 kVA) including 
£ 300 ^^^^ ^ connections thereto was nearly 

to fiOrt irVA^ ^a-pa-city of the substation can be increased 
to 900 kVA for an additional expenditure of £I 200, 
m^g a total for 900 kVA of £4 200 and demonstrating 

“cthod of effecting 
distribution than that carried out by the author 


Needless to say, the efficiencies and regulation we obtain 
are better tlian the mercury-arc method can show, and 
further, as the distribution system consists of old 
vulcanized-bitumen mains laid solid, there has been a 
gratifying diminution in the number of faidts which 
have developed since the change-over to Ztemating 
current was effected. 

Mr. R. Townend : In considering the glass-bulb type 
of rectifier, the actual bulbs would appear to be the 
only parts of the equipment liable to give trouble, and 
it would be useful to know the approximate cost of a 
bulb and also its average life, based on the total bulb 
failures experienced by the author. Also, if a bulb 
should fail due to any cause excepting mechanical 
damage, is it possible to have it repaired, or is a new 
bulb necessary ? In comparing the glass-bulb and 
steel-cylinder types of rectifier, it would appear tliat 
the forrner is more suitable for small outputs. In view 
of this it would be interesting to know why this t 3 rpe 
was adopted for the traction substations having the 
comparatively large output of 660 kW. Has the author 
any information as to the advantages of air-cooling 
the bulbs, as compared with immersing them in a tank 
of oil, which latter method would appear to be simple 
and effective ? In comparing the estimated costs of 
alternatives (2) and (3) in Appendix 2, it should be noted 
that the total capacity in alternative (2) is 1 500 kW, 
as against 1104 kWin the case of alternative (8). ^ 

Mr. W. J. Medl 3 m: There is one point in connection 
with the paper which I think is of general interest, and 
that is the liability of the mercury-arc rectifier to cause 
disturbances in neighbouring telephone lines, when it 
is used in connection with ordinary electricity supply 
puiTposes. The author touched but lightly on that 
point when he was referring to current ripples in his 
description of one of the figures. Fortunately, it is 
possible to overcome this difficulty, and the method of 
doing so was described by Prof. Marchant in the appendix 
to Mr. Bartholomew's recent paper.* I trCst that 
electricity supply undertakers will bear this point 
in mind if they decide to introduce the system recom¬ 
mended by the author, and plan their arrangements 
accordingly. Our experience is that supply undertakers 
are ready to co-operate with us in meeting the diffi¬ 
culties which we know are bound to arise from time to 
time. This spirit is, of course, as it should be where great 
public services are concerned. In the matter of electrical 
design, however, I think that prevention is better tlian 
cure, and m the long run it is less costly to all the parties 
who may be affected. Mr. Ratcliff, in his remarks, rather 
deprecated meeting trouble half way, but I ?hmk that ' 
this is perhaps a case where we might make an exception, 
as we know the trouble is already there. 

Mr. G. F. Sills: With reference to the question 
. ^ is given as the cost 

^ ^60-kVA rectifier plant. An automatic rotary 

substabon would, however, not cost more—-in fact not 
^ ^^ch. I should like to suggest that when referring 
rectifier type of plant it should not be called a 
static piece of machinery. I beHeve I am right in 
stating that in some types of rectifier plants there are 
SIX pieces of rotating madHinery, and it was claimed 

* Jotimal 1924, vol. 62, p. 817. 



MERCURY-VAPOUR RECTIFIER SUBSTATIONS: DISCUSSION. 185 


that this particular rectifier plant was a piece of static 
machinery. Surely a rectifier plant with all these, 
rotating auxiliaries is more likely to break down than 
a rotary converter plant. With reference to Mr. 
Medlyn*s Remarks regarding telephonic interference, it 
it interesting to note that rotary converters can now 
be obtained to meet the requirements of the Post Office 
in this respect. 

Mr. G. G. L, Preece : I presume that those who 
were responsible for installing the 26-period supply in 
Birmingham were afraid that they could not get rotating 
converting machinery good enough for a 60-period 
supply. They did not look far and were of little faith. 
There were good types available even then, I think. Jt 
is evident from the paper that the present staff at 
Birmingham are bolder spirits and they deserve success 
of their pioneering enterprise. Although I am par¬ 
ticularly interested in rotating converting plant I am 
bound to say that there appears to be a distinct field for 
mercury-arc rectifiers in certain conditions, and the 
author has by his enterprise proved tliat such con¬ 
ditions exist at Birmingham. I do not think, however, 
that makers of rotating converting machinery need 
feel any apprehension, as it appears to me that the 
conditions are at the moment limited to such conditions 
as exist at Birmingham. The steel type of rectifier 
has yet to prove itself tlioroughly, at all events in this 
country. I do not know, of course, how far the author 
will go as to the size of the substations which he will 
equip with these mercury rectifiers, but if the load 
grows I rather think that when it gets over 500 kW he 
will find it necessary to consider installing rotary con¬ 
verter plant and use tlies6 mercury rectifiers for other 
districts where the load is small. In common with Mr. 
Clarke, I am rather interested as to the result of a 
short-circuit with this type of apparatus. Has it any 
bad effect on the mains ? 

Mr. H. Wilkinson : I should like to give a few 
particulars relating to the installation of mercurj^ 
rectifier plant of the Hewittic type for the purpose of 
boosting up a rather outlying section of d.c. three-wire 
network. The rectifier consisted of two bulbs in series 
across the outers and was switched in and out daily 
by means of a time-switch control on the solenoid- 
operated e.h.t. switch cubicle. The automatic voltage 
regulator mentioned in the paper was used to maintain 
a constant voltage at the substation. The experiment 
proved highly successful in this instance and the operation 
of the plant generally was found to be extremely flexible, 
with comparatively wide e.h.t. and l.t. voltage variations. 

Mr. G.*A. Gheetham: This paper is another proof 
of the fact that automatic control has passed through 
the experimental stage and is now quite a reliable 
method. Those of us who have imagination have 
long expected that conversion and even generation 
would be carried out by some means with static appara¬ 
tus. I think that the mercury-arc rectifier is. a step 
in the direction which we all expect to be taken in the 
future# Both automatic rotary converters and auto¬ 
matic rectifiers are established as successful engineering 
propositions, and it is necessary* therefore, to compare 
them commercially. In cdtoparing various methods of 
automatic operation, it is very necesgary to consider 


how many possible contingencies have been provided 
for. Many supply engineers—^for example, Mr. Ratcliff 
—appear to wish to take some rislcs, and if they prefer 
to take those risks it is obviously easy to cheapen 
the gear. For example, many supply engineers do 
not consider the automatic protection of bearings to 
be necessary. They consider that, from their experi¬ 
ence, it is quite a legitimate risk to take, but most 
manufacturers when tendering for apparatus of this 
kind prefer, for obvious reasons, to cover all the con¬ 
tingencies which in their experience have arisen, even 
though they may be? remote. Supply engineers who 
are considering and comparing quotations and prices 
must take these facts into account; if they are willing 
to take some risk the manufacturers are equally willing 
to cut out these devices and so cheapen the apparatus. 
As an example, the author appears to consider it un¬ 
necessary to provide for the failure of cooling water 
or for the failure of the vacuum pump, and it is probably 
quite the correct thing to do ; but some supply engineers 
would not take that risk,. 4 and their gear would be more 
expensive. For an output of 100 kW the rectifier 
substation would, I think, be possibly a cheaper proposi¬ 
tion, but beyond that output I think that the author's 
own figures prove otlierwise. If the high-tension gear 
and the d.c. switchgear are assumed to be the same for 
an automatic rotary converter as for a mercury rectifier, 
then we can compare them on the same basis; and if 
we do so an automatic rotar 3 '^-converter equipment, as 
suggested in scheme (2), would be £700 cheaper, and 
scheme (3), with automatic rotary equipment, would be 
16 per cent cheaper. The cost of maintenance—£160 
a year—^seems to be very high and, I think, would not 
be regarded by an engineer with rotary equipment as 
anything like a reasonable figure. I expected to find 
some saving in space with the rectifier equipment, but 
apparently there is no advantage in that respect. I 
should like to ask the author whether when the 
bulbs are maintained continuously on full load he 
experiences much trouble due to. flash-over. One other 
small point—^tjiough to some supply authorities it is 
very important—is that the advantage of power factor 
correction cannot be obtained with mercury rectifiers. 

Mr. , A. Manighetti : Regarding the question of 
flash-overs, I would point out that these troubles have 
occurred only in the case of the high-voltage bulbs. 
It has taken some thne to obtain sufficient data ag to 
the conditions under which these bulbs have to operate. 
The flash-over occurs when the vapour tension has 
passed a critical point, which point is determined by 
the cooling of the bulb. This bulb vapour tension or 
internal pressure is dependent on the cathode tempera¬ 
ture, and it is a simple matter to cool a bulb sufficiently 
to enable it to give its maximum output at a point 
well belpw that of the critical vapour tension. It 
should be remembered that manufacturers of the rotary 
type of plant have had many years in wlaich to perfect 
their gear, and in the comparatively short time tlie 
mercury-vapiour rectifier has been supplied for heavy 
duties it has been found wanting in only small matters 
which are easily remedied. 

Mr, H. G. Lamb : The author is in the Jfortunate 
position of having experience of both the Brown-Boveri 
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and Hewittic mercury-arc rectifiers, and it would be 
of interest if he could give some information about the 
advantages and disadvantages of each type. Referring 
to the last page of the paper, why is it necessary to 
provide 50 per cent spare plant for the rotary substation 
and no spare for the rectifier substation ? Does that 


really represent the relative reliability of the two types 
of plant ? If spare plant were necessary for a rectifier 
substation the figures of cost would be very different 
from what they are. Why is high-tension switchgear 
so cheap for rectifiers and so comparatively dear for 
rotary converters ? ^ 


The Author's Reply to the Discussions at London, Leeds, Birmingham, Liverpool and 

Manchester. 


Mr. G. Rogers (in reply ): Many points have been 
raised at nearly every Centre, and I propose to deal 
with these first. ' 

Many speakers have drawn attention to Appendix 2 (2), 
pointing out that allowance has been made for three 
500-kW rotMy converters, whereas in the alternative 
scheme outlined in Appendix 2 (3) only four 276-kW 
units are provided. To make this matter quite clear, 
It is necessary to point out that the problem involved 
feeding into the existing networks at four points. The 
eating networks at these points were fed from three 
distinct sourMs of supply, and could not be linked 
togetlier. With a new substation, therefore, it would 
be necessary for the four new feeders supplied from this 
station to pick up entirely distinct networks and to be 
Imked through to the existing network at one point only, 
to only one of the existing sources of supply. 
Obviously, therefore, it was necessary to have spare 
plant m the station, as the load to be picked up was 
kW. By having four distinct and separate 
substations close to the network, as suggested in the 
alte^tive scheme, each unit would start up auto- 
mahcally and feed into the network, and take its full 
toad when required. If a short failure occurred at any 
tame, It would only involve a drop in pressure. Further, 
It was not practicable to supply the larger station with 
thr^ 600-kW rotary converters from an existing ring- 
main feeder, and the proposal involved the laidng of 
new high-tension feeders to the station from the nearest 
generating station, whereas in the alternative scheme 
+ feeder in each case was in close proximity 

to the site of the small substation and simply had to 
be looped in. 

Another point raised by many speakers is the low 
ccfit of the high-tension switchgear for the small rectifier 
substetions, as compared with the cost for the rotary 
substation. For the small substations no instruments 
of any sort were required on the high-tension side, 
whereas for the rotary converters it is obvious that 
many instruments and much gear would be required. 
Further, the larger units with the new high-tension feeders 
would involve swdtchgear of greater capacity than the 
sn^l umts supplied from the existing ring mains. 

m. Bartholomew and others raise the question oi 
mterference with Post Office telephones due to induction 
caused by the ripples. I admit that in one particular 
where the traction supply from the rectifier sub¬ 
stations runs parallel with the Post Office trunk lines 
^me mterference is being caused. Steps are being 
taken to obviate this by installing suitable inductances 
and r^^nt shunts in each of the substations to 
ehmmate the npples causing the trouble. This apparatus 


has now been tried out in one substation and found to 
be quite satisfactory. I have no doubt that as soon as 
we can install the complete apparatus the interference 
will be entirely eliminated. 

Another point mentioned at many Centres is that 
justice has not been done in the paper to the steel- 
cylinder rectifier made by the Brown-Boveri Co. The 
reason this rectifier was not dealt with at greater length 
in the paper was that full technical details have already 
been published at various times in the technical Press. 
Mr. Chattock points out that our experience of this 
type of rectifier is quite satisfactory, but its high cost 
has prevented its more general use. A further objection 
is that the apparatus is made abroad. I feel certain 
that there is a good future for the BrowmBoveii 
rectifier for converting to direct current, particularly 
for traction work at high voltages. In situations where 
the absence of noise is a big factor, there can be no 
question that the large unit rectifier can and will be 
used for converting to direct current. 

Corrections have been made in the paper with refer¬ 
ence to the forming ” which up to the present has 
been necessary on the set in Birmingham, and also in 
respect of the large units that can now be supplied by 
the Brown-Boveri Co. 

Many speakers raise the question of the high cost 
of the small three-wire rectifier substations, and compare 
it with that of simple static transformer suhtstations. 
Assuming, however, that a satisfactory case has been 
made out for a d.c, supply instead of an a.c. supply, 
then such comparisons should obviously be made 
between different methods of conversion to direct 
current. The rectifier will certainly have the advantage 
over other plant for the small units. Above capacities 
of 600 kW it would probably be cheaper to install 
automatic rotary converters. The cost of the buildings, 
however, would be considerably more if this were done! 

Captain Donaldson points out that the cost of the 
small rectifier substation works out at approximately 
£20 per kW, whereas a small static transfOnner sub¬ 
station of about the same capacity would work out at 
about £4 per kW. On any large distribution scheme, 
however, such as the one described in the paper, I 
would point out that the cost of the substations, 
whether a.c. or d.c., forms only a small part of the total 
cost of such a scheme, the greater part being absorbed 
in the distribution mains. I agree with Captain 
Donaldson that the overload capacity of a static Inrans- 
former substation is more than that of the mCTcury- 
arc rectifier substation. The explanation of the low 
efficiency of the three-wirenlighting unit, namely 86 per 
cent, is due of course to the two sets being in series, but 
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this efficiency compares favourably with the overall 
efficiency of a small rotary-converter substation with 
a battery. 

All the efficiency figures given in the paper were 
obtained-! experimentally, tlie meters used being indi¬ 
cating instruments. In one particular case, integrating 
meters were also installed for the test, and it was found 
that both sets of instruments gave practically the same 
results. The only error that could creep in would be 
in the current transformers used in the primary circuit, 
and it is possible that the distortion in the wave-shape 
might, to a slight extent, affect the readings obtained 
from them. 

The voltage-regulating device described consists 
simply of a regulating transformer in series with the 
main transformer secondary windings, with tappings 
brought out to the contacts of a sliding switch, the 
arrangement being very similar to that of the well- 
known end-cell battery-regulating switch. 

JV'Ir. Highfield points out that any form of rectifier 
introduces a harmonic into the primary. In most cases 
in Birmingham the plant runs in parallel mth the 
rotary converter substations, and no effect of this nature 
has yet been noticed. 

Mr. Taylor suggests that the method devised by 
Mr. J. R. Beard might have been used with advantage 
instead of developing a d.c. supply. It has, however, 
many disadvantages. If Mr, Taylor’s static frequency- 
changer had a better power factor it is possible that 
the whole scheme of development to the outlying areas 
might have been on different lines. 

Mr. Brazil points out that it was not necessary to 
run all the rectifier plant in a substation in series to 
give a three-wire supply. After the initial set has been 
installed, subsequent units could be connected across 
the outers only, with an efficiency of approximately 
94 per cent, 

Mr. Forrest points out that the correct title of this 
apparatus should be “ Mercury-arc rectifier,’* and I 
agree that this is so. The exact number of relays and 
contactors required to operate a completely automatic 
mercury-arc rectifier as described in the paper is 8, 
whereas the number required to give the same control 
on a rotary converter set is approximately 30. 

In reply to Mr. Jakeman, it would be possible to use 
induction regulators instead of the regulating device 
described, but the cost of tliis apparatus prevents its 
adoption for the small stations. The actual method 
used and described is comparatively cheap. The use 
of condensers would nd doubt improve the power factor 
of rectifieJ units, but the additional cost is not warranted, 
since the power factor actually obtained is quite good. 

Mr. Legge states that low-tension 26-period a.c. supply 
is being largely used in this country and abroad, and is 
considered quite satisfactory. Nevertheless, it cannot 
be said to be as good as direct current and, where the 
circumstances warrant the use of the latter, it is better 
to have direct current than alternating current at 
25 periods for lighting. No doubt Mr. Legge and others 
who are giving a low-tension supply at 25 periods will 
welcome later a change to 50-period supply. 

I agree with Mr. Goodman that 50-period supply by 
means of frequency-changers would hp quite satisfactory 


in a case where there was no particular reason to convert 
to direct current. Mr. Goodman also raises the question 
of the voltage-rise on open circuit. This applies to the 
Brown-Boveri rectifier, and a special loading resistance 
is provided which is automatically switched in when 
the d.c. breaker opens. In the glass-bulb type of 
rectifier, however, this rise in the pressure does not, 
except in the case of traction units, take place at no 
load, and loading resistances for the purpose of pre¬ 
venting a rise in pressure are not required. In the case 
of the traction rectifiers no loading resistance is provided, 
because the stations run in parallel with rotary con¬ 
verters, and this prevents a no-load rise in pressure. 
It has, however, been decided to provide additional 
cathode chokes in all the traction rectifier plant, which 
chokes, together with small loading resistances to be 
switched in automatically when the load falls below 
5 amperes, will prevent any rise of pressure at light loads. 

Dr. Garrard is quite correct in stating that where a 
d.c. supply is required, an equally good case could be 
made out for converting from a 60-period supply. The 
largest size of a single rectifier unit is now stated to be 
1 600 amperes at 000 volts, and is, of course, of the 
steel-cylinder type. I understand that developments 
are being made in the size of the glass-bulb type, but 
at present the unit of 150 amperes at 600 volts is the 
limit for commercial use. Unless there is some very 
special reason for using rectifiers, it will probably be 
found better and cheaper to use rotary converters for 
units above 600 kW. On the question of reliability 
Dr. Garrard is probably correct in stating that the 
rotary converter is on the whole more reliable than the 
mercury-arc rectifier, but more experience will probably 
make the rectifier plant equally as reliable as rotating 

plant. . 

Mr. Chattock explains more fully the reason for 
developing the outlying areas in Birmingham on d.c. 
lines instead of adopting special means for commencing 
a 60-period supply. 

In reply to Mr. Angold, the fans and regulators require 
little attention, whereas a rotary converter necessary 
does require a considerable amount of attention. The 
noise made by a bank of fans in a small substation 
seems rather loud inside the station, but, whereas the 
note of a rotary converter travels a considerable distance, 
the noise of the cooling fans cannot be heard a few feet 
outside the station. 

Mr. Shuttleworth’s remarlrs ai*e extremely interestmg. 
The decentrahzation now being carried out in Hull will 
be watched with great interest by engineers. A system 
of remote control of the various substations from one 
central point is on the right lines. His cost for main¬ 
tenance and attendance of £0*07 per kW of plant 
installed is interesting, but further details would be 
required to enable a correct idea to be formed of the 
value of this figure. The glass-bulb type of rectffier 
would hardly be used in a substation up to 2 000 kW 
capacity, but in a substation of this capacity equipped 
with the steel-cylinder type of rectifiers there would 
be no difficulty in ensuring that the units took up their 
proper share of load. 

In reply to Mr. Burgess, I would point out that the 
maximum-current relay for lowering the procure is only 
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used in connection with the completely automatic booster 
sets which run in parallel with another supply. 

Mr. James raises the question of ripples in the circuits 
fed from mercury-arc rectifiers, and I agree that the 
ripples have a greater amplitude than those from a 
rotary converter plant. Without giving oscillograph 
records it is difficult to supply full details of the ampli¬ 
tude of the ripples. The amplitude of the ripples varies 
with the load, but the ripples obtained from the glass- 
bulb rectifiers are comparable with those obtained with 
the Brown-Boveri steel cylinder. Reactances are pro¬ 
vided in the anode circuits to enable two or more 
rectifier sets to run satisfactorily in parallel with each 
other. The experience in Birmingham shows that both 
the steel-cylinder rectifier and the glass-bulb rectifier 
run satisfactorily in parallel with rotary converters in 
the same substation. 

In reply to Mr. Johnson, rectifiers are now being used 
in many places in this country and to a larger extent 
abroad. I should imagine that the " Tungar ” rectifier 
is hardly likely to be used for heavy service work. 

I find myself largely in agreement with Mr. Ratcliff's 
summing up of the general question. 

Mr. Paxton mentions the interesting fact that the 
Brown-Boveri Co. now supply for use with the steel 
cylinder an indicating vacuum gauge which can be 
arranged to control the vacuum pump automatically, 
even if the rectifier is out of service. I have already 
dealt with the point raised by Mr. Paxton in regard 
to the connections for the regulator. Many speakers, 
including Mr, Paxton, have raised the question of the 
nature of the ripples in the three-wire rectifier circuit. 
The ripple in the circuit across the outers, in the case 
where two bulbs only are in service in the small three- 
wire substations, is six times the fundamental frequency 
of 26, viz. 160. Across one bulb only, i.e. 230 volts 
either positive or negative, the ripple is still practically 
six times the fundamental, and this is obtained by 
means of choking coils in the cathode circuit. Any 
current in the neutral, i.e, out of balance" current, 
has a ripple of three times the fundamental. By cross¬ 
connecting when additional bulbs are added, a ripple 
of six times the fundamental frequency can be obtained 
as suggested by Mr. Paxton. 

In reply to Mr. Clarke, failures of supply from any 
of tlie 26 substations now in service have been com¬ 
paratively few in number. Many of the tliree-%vire 
lighting substations have been in service for over 18 
months without a single shut-down. The traction 
substations have given the most trouble, yet the supply 
has failed on but few occasions, and then only for a 
short period. Most of these interruptions have been 
due to the failure of parts of the installation other than 
the rectifiers, and the remainder have been due to faulty 
bulbs. When a short-circuit occurs in a bulb tlie bulb 
does not break, but the circuit breaker or fuses clear 
the fault, I am not in a position to give any infor¬ 
mation in regard to the life of the bulbs other than 
that already stated in the paper. A careful " life" 
record is being taken of all bulbs in service. No warning 
is given when a bulb is about to fail, but experience 
may show whether any warning signs may be found. 
It is obvioiSs that some risk must be run in this connec¬ 


tion. An interesting point is raised by Mr. Clarke in 
! regard to the voltage regulator and its interlock with 
the excitation circuit of each bulb. In the case men¬ 
tioned, it would be better if the voltage regulator 
continued to function, but in other cases there would 
be a danger of overloading the other bulbs. The details 
given of a change-over from direct to alternating current 
by using the Scott-connected transformer method is 
very interesting. 

In reply to Mr. Townend, the glass-bulb type of 
rectifier was used for traction purposes because it was 
much cheaper, and also because duplicate plant was 
not necessary, owing to the plant being made up of a 
number of small units. 

Mr. Sills states tliat an automatic rotary converter 
would have cost less for the 660-kW traction substation. 
This may be so, but spare plant would have to be 
provided, as any little trouble on the rotary converter 
or its transformer might have put the whole set out 
of commission for some time. In any case the cost 
of the building to house the plant would have been very 
much greater. It is ti*ue that the cooling fans—one 
for each bulb—constitute rotating plant, but tlie risk 
of breakdown is very small. For all intents and 
purposes it is correct to term the plant a static 
converter. 

Mr. Preece suggests that in the early days the choice 
of 25 periods for the Birmingham supply was a mistake; 
nevertheless, rotary converters were not satisfactory at 
that time on a 60-period supply. I have a lively recol¬ 
lection of certain 60-period rotary converters the cost 
of repairs to which was at least three times as much as 
the maintenance costs of the rotary converters of the 
same period running on a 26-period supply. 

Mr. Wilkinson gives his experience of plant of similar 
type to that described in the paper. It is very in¬ 
teresting and particularly pleasing to me to hear tliat 
other engineers are having satisfactory experience with 
this type of plant. » 

Mr. Cheetham endorses the opinion expressed in the 
paper in regard to the natural and inevitable develop¬ 
ment of automatic control gear for all types of electrical 
plant. He suggests that even generators may come 
later into the field of automatic control. He also 
raises the question of flash-overs in the glass bulbs. 
We have experienced no flash-overs in tlae 230-volt 
bulbs, but tlae higher-voltage bulbs have given some 
trouble in this respect. This has been due apparently 
to insufficient cooling of the bulbs. 

Mr. Manighetti deals with the question of flash-over 
and points out the cause and the remedy. T&el con¬ 
fident that this apparent weakness will be entirely 
eliminated, and that the loigher-voltage bulbs will be 
equally as reliable as the lower-voltage bulbs. 

The-various points raised by Mr; Lamb have already 
been dealt with. 

Mr. Robinson agrees with the opinion expressed in 
the paper that a d.c. supply is preferable to a 26-period 
supply. He considers, however, that the automatically 
controlled rectifier unit as described in the paper is 
little less complicated than a rotary converter. I must 
differ entirely from Mr. Rfibinson in this matter, A 
comparison of Fig, 11, which is a complete wiring 
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diagram for the control gear, with the diagrammatic 
representation of the control gear for rotary converters 
(as for instance in Mr. Robinson's paper) will clearly 
indicate the greater simplicity of the rectifier control 
gear. The fact that less protection is provided for the 
rectifier’^plant than for a rotary converter is due to 
the plant itself requiring considerably less protection, 
and hefein lies its great advantage. He would be a 
bold engineer who undertook to buy and connect up 
the control gear and relays necessary for the automatic 
operation of a rotary converter, yet this is what has 
been done in Birmingham, hot for one automatic rectifier 
unit, but for several. On the question of the life of 
bulbs, the 8 000 hours mentioned in the paper has now 
been increased to over 12 000 hours, and there is no 
sign of the bulbs giving out. 

I do not agree with Mr. Ross that the steel-cylinder 
Brown-Boveri type is not very well adapted to auto¬ 
matic control. On the contrary, a set in Birmingham 
has been so controlled with entire satisfaction for nearly 
three years. True, I pointed out in the paper the 
drawback caused by the necessity to reform under 
certain conditions, but this is not now necessary in the 
later plant. The other drawback mentioned by Mr. 
Ross has also been removed by the means mentioned 
by Mr. Paxton. 

The Brown-Boveri Co. do not now provide fuses 
between the transformer windings and the rectifier 
anodes? but rely on the main oil switch and d.c. circuit 
breaker to clear a short-circuit in the cylinder. Mr. Ross 
draws attention to the low cost of the d.c. switchgear 
for tlie traction station described in Appendix 3. 
Actually the d.c. panel consists simply of angle-iron 
framework carrying three automatic reclose circuit 
breakers which control the supply to three outgoing 
feeders. There are no ammeters or knife switches in 
the feeder circuits. The apparatus was bought and 
erected on the angle-iron framework. This accounts 
for the low cost of this gear. The later substations, 
however^ were equipped with a d.c. board having slate 
panels and a knife switch and ammeter in each feeder 
circuit. It is true that we now have in hand a number 
of automatic rotary converter substations for both 


traction and lighting supplies. Above a capacity of 
600 kW and where the question of noise need not enter 
into consideration, the rotary converter is likely to be 
used in preference to glass-bulb rectifiers. 

In reply to Mr. Williams, the overload capacity of 
the glass bulbs has not yet been fully determined. 
From experience it is known that an overload of 25 per 
cent for two hours will be carried satisfactorily. An 
overload of 60 per cent has been noted on the traction 
bulbs for short periods. 

Mr. Breach points out that in one of the slides shown, 
illustrating an installation of mercury-arc rectifiers, an 
oil circuit breaker is shown controlling the supply to 
a d.c. distributor. This happens to be the only case 
where an oil breaker is used, and in this case it was 
used because at the time a suitable air-break totally- 
enclosed breaker was not available. The standard 
practice is now to use switch fuses (as described in the 
paper) or air circuit breakers for this purpose. The 
particular breaker referred to has not opened in practice, 
but it is guaranteed to be satisfactory for its present 
duties. We are adopting a similar method to that 
successfully used in Liverpool for removing the inter¬ 
ference—due to induction—on the Post Office telephone 
circuits. I am hoping for similar satisfactory results in 
our particular case. 

The question of loading resistances on the traction 
sets has been dealt with already. The reclose circuit 
breakers on the traction circuits can open an indefinite 
number of times and reclose when faulty conditions 
have been removed. Before handling a faulty cable 
or overhead line which may have fallen, the practice 
is to open the section switch in tlie street pillars con¬ 
trolling the faulty line. The breaker will not reclose 
until this has been done, unless of course the fault has 
cleared itself in the meantime. Mr. Breach's descrip¬ 
tion of the method adopted in Liverpool for substation 
ventilation is very interesting and well worth considera¬ 
tion. I regret that in the advance copies of the paper, 
the fuses in circuit between the transformer secondary 
and the bulb in Fig. 6 were, omitted. These have now 
been added. A fault on one bulb does not necessarily 
affect other bulbs in circuit with it. 
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THE CURRENT RATING OF SINGLE - CONDUCTOR, LEAD - COVER3iD 
LOW-TENSION CABLES ON SINGLE-PHASE ALTERNATING-CURl^ENT 
CIRCUITS. 


By S. W. Melsom, Associate Member, and W. E. Beer, Student. 

[From the National Physical Laboratory.] 

[Paper first received Wh April, 1924, and in final f^m 21s< January, 1925; read before the North-Eastern Centre 

24ih November, 1924.) 


Summary. 

Single-core cables in single-phase systems are bonded to 
annul the high voltages that would otherwise exist between 
the lead sheaths when the latter are open-circuited, but 
bonding brings into being induced currents which may reach 
high percentages of the conductor current and reduce the 
safe current-carrying capacity. 

In this paper some theoretical considerations of the losses 
of energy occurring in single-core cables on alternating- 
current circuits are given, and their efiFect on the line charac¬ 
teristics are noted. 

In the tot portion of the paper the results of measure¬ 
ments carried out on a single-phase sj'stem in air to determine 
the loadings for a given temperature-rise are tabulated and 
represented graphically. In a series of experiments the 
loUowing factors w^ere varied one at a time:_ 

( 1 ) Current flowing in the system. 

( 2 ) Spacing of conductors in an iron-free neighbourhood, 
bpacmg of conductors with iron interposed. 

(4) Cable cross-section. 

account the mutual heating 
eff^ of two cables in proximity and the heating due to 
alteraatog currents flowing m the system, there is an arrange¬ 
ment of the cables m a horizontal plane which gives tte 
maximum value of permissible curreiit loading. 


It m generally accepted that temperature-rise is the 
mwt unportant^ting factor in power-cable operation, 
nf Research on the Heating 

InvT h ^ assumpiS® 

Anj stud}^ of cable characteristics must therefore^ take 

a^unt of heating, and these notes have for their 
ob]Kt the consideration of the heating, and consequent 

Modom practice requires that the lead sheaths of 
smgle-condu^r cables laid imderground mSrt bf 
contmuous throughout and bonded a^oss at Slal^ 
te ^^mg m a building the lead sheaths muS^Sto 
be contmuous, being connected at evCTy ioint litb 
tte ^ibility of bontog across at iSiiT in^S 
boxes, structural metal-work 

«(a.: 

inte^!^ ^ Sequent 

In addi^on to the core and sheath losses which occur 
Jovrne, I.S.E.. iss, ,,, 01 p «lT 


in ^ternating-cinrent circuits there is the mutual 
heating effect when the cables are in proximity, wliich 
arises in all cases. This effect is greatest with tlie Icfad 
sheaths in contact, and rapidly decreases until it 
becomes negligible. This occurs when the cli.stunce 
between the cable axes is approximately live times 
ae diameter of the lead sheath. On the other hand, 
the losses m the lead increase rapidly as the distance 
between the cable axes increases. Hence for any siugle- 
phase power system tliere is a critical distance between 
the cable axes for which the total heating effect is a 
minimum ^d which therefore gives the maximum 
permissible loading. 

<* 

Experimental Work. 

The limit of heating has been talren as HR deg. C 
TOO of conductor temperature, but this figure is simtdv 
a en m order to afford a basis of comparison and not 
necessarily as a final value of permissible temperature- 
nse for operating conditions. 

*®“Peratiire-risc of the conductor in 
neighbourhood vanes very nearly with the 
square of current intensity. 

I preliminary experiment with the object of 

*^®^®rence, a series of tests was carried put 

Se'to^r”® direct-current loadings for 

^^tow-tension lead-covered cables considered in detail 

,®^angements of the tests were, in tlie cas^ of 
^blM laid m a neighbourhood free from iron, designcil 
o appronmate to practical conditions. The other 

“ ^hich the prLSy 
is taken into accoimtf involved 
^njhons m some cases possibly more severe than 
those occumng m practice. 

In toe s^^ of experiments the results ofi. which are 

^ of cable orea^h 

the lead and return were Khl 
dr^St fr * wooden floor of an evenly ventilated^ 
au^t-free, constant-temperature room and in ^ 

S“tor®o ”®^^’^”fiood. A transformer T (see Fig. p 

alternattol^r^ adjustable series regulator AR from an 
JtCTnating-current supply at 60 periods per sec. (v^Jl 

over switoh and a current transformer CT • the la m^.. 
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a heavy-current battery, a standard resistance being 
included in this circuit for measuring purposes. In 
this way it was possible to supply the cable system 
with either alternating or direct current of any desired 
value. 

The ends of the lead sheaths were bonded by copper 
bars of 1J in. x f in. cross-section (the contact resistance 



Fig. 1.—Diagram of connections for current loading. 


being negligible) at right angles to the cable axes, 
whilst the ends X and Y of the cable were joined by 
a copper conductor loop of cross-section equal to that 
of the core, in order to ensure that there should be no 
extraneous heating or cooling. 

Methods of Measurement. 

The temperature-rise of the cables was determined 
by measuring the increase of conductor resistance by 
means of a Kelvin double bridge, and the surrounding 
air temperature was observed by means of a number 
of tliermometers placed at the same level as the cable 
but about 3-4 ft. from it. The temperature coefhcient 
used in calculating the rise of temperature was taken 
from B.S.S. No. 72 (1917). 

Other investigators of losses in single-phase cable 
systems* have determined them by means of voltmeter, 
aMieter and wattmeter, but the thermal method of 
test employed is weU known and the principle of 
measuring the relative amounts of heat produced when 
the test length is traversed by two types of current 
is used in the determination of the resistance of wires 
to currents of high frequency, and, as here used, con¬ 
sists in comparing the direct and alternating currents 
necessary to produce the same temperature-rise of the 
conductor of the cable under test. 

Having established a steady state in which, with the 
testing current maintained constant, a constant tem- 
peratur^rise is obtained ; then for equal heating in the 
two cases 

where “ alternating-current loading in amperes, 

= resistance of cable to alternating current, 
J* _ loading in amperes, 

. It := resistance of cable to direct current. 

Jj, J and E can. all be accurately determined; the 
;first two by precision ammeters, and the ia^t by the 
Kelvin double bridge.. B^fE is therefore immediatety ; 
‘determinable. ^ 


The heating is brought about by actually loading 
the cable, and therefore in tlie experiments the same 
distribution of heat is obtained as in actual working. 
The true permissible loading is accurately ascertained 
and the only measurements involved are those of current, 
resistance and temperature. In the heating method 
slight differences may arise under slightly different 
conditions of ambient temperature, a lower initial room 
temperature tending to cause a slightly higher tem¬ 
perature-rise, but such differences do not appreciably 
affect the general results and under proper conditions 
a high degree of accuracy is obtainable. Among the 
advantages of the metliod it is to be noted that the 
observations made refer only to that part of the circuit 
in which we are interested, and so render corrections 
for the remainder of the circuit unnecessary. The 
observations, however, require a considerable time, and 
have, moreover, to be made under special conditions 
wliich are often not available in practice. 

In the case of tlie tests with alternating current, the 
measurement of resistance was made by changing over 
to direct current immediately before making an obser¬ 
vation, the time taken being about 20 seconds. 

The temperatures of the lead sheath were determined 
by means of thermo-couples, the hot junctions being 
embedded in the sheaths. The mean temperature 
coefficient of lead at 20° C, was taken as 0-00385. This 
is based on a large number of observations on cable 
sheaths. 

The effect of iron in the immediate vicinity of the 
cables was investigated by laying the conductors 
alongside lengths of iron of different cross-sections, as 
shown in Figs. 9 and 10, the axial distance being varied 
and the temperature-rise of the cable cores being deter¬ 
mined as before. Three sizes of cable of sections 
0-1 sq. in., 0-3 sq. in., and 0-5 sq. in. were tested under 
these conditions, both with direct current and with alter¬ 
nating current at 60 periods per. sec.; the comparison 
in all cases refers to a temperature-rise of 36 deg. C., 
whence the ratio EeffjE follows immediately. 

Then, with the testing apparatus arranged as de¬ 
scribed, a series of experiments was carried out varying 
the following factors one at a time :— 

(1) Current flowing in the system. 

(2) Spacing of conductors in iron-free neighbourhood. 

(3) Spacing of conductors with iron interposed. 

(4) Cable cross-section. 

The usual precautions were taken to avoid end- 
effects. 

Results. 

For a given temperature-rise, say 36 deg. C., the 
conductors of a given single-phase system with lead 
sheaths short-circuited will carry various loadings 
according to the proximity of the return cable, and 
also according to the proximity of the system to neigh¬ 
bouring masses of iron. Under certain conditioi^ ,the 
losses in the sheath and extraneous iron may be greater 
than the copper loss. The variations of the loadings 
with direct current from those given in the Report 
already referred to are due to the individual charac¬ 
teristics of the various cables and to the conditions 
under which they were laid. 

The largest cable on which a full series <Sf tests w:as 
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caxried out was a low-tension single-conductor paper- 
insulated plain lead-sheathed cable having a cross- 
section of 0*6 sq. in. 

Here the number and diameter of wires comprising 
the conductor = 61/0*101 in. 

Maximum number of component wires on a diameter 

* = 9 . 

Overall diameter of complete strand = 0*909 in. 
== 2*309 cm. 

Actual copper area = 0*4885 sq. in. == 316 sq. mm. 
Diameter over paper insulation = 2*86 cm. 
Thiclniess of lead = J x 0*5 cm = 0*26 cm. 
Diameter over lead = 1*322 in. = 3*36 cm. 
Resistance of conductor per 1 000 yards at 16*6® C. 
= 0*0497 ohm. 

Resistance of lead sheath per 1 000 yards at 15 • 6® C. 
= 0*81 ohm. 

Approximate age = 12 years. 

A single cable. —^Typical heating curves corresponding 
to various steady d.c. and a.c. loadings for a single 



cable in air and obtained by running until a final 
maximum temperature-rise above that of the suxround- 
ing air was established, are given in Fig. 2. It will be 
observed that the time required for each test was 
. between 4 and 5 hours. 

The series of values of final temperature-rise and 
their corresponding’ current loadings are plotted in 
Fig. 3, from which the loading for a single cable in 
air* for any temperature-rise can be obtained by 
interpolation. It will be seen that the points all lie on 
the same curve, showing that under this particular 
condition there is no appreciable difference between 
direct current and alternating current at 60 periods 
per sec. 

Two cables laid side by side. —^The results of the 
experiments made to determine the mutual heating 
effect of two such cables in air are shown in Fig. 3. 

♦ By “in is to be understood that the cable Is lying on the wooden 
floor of a room. 


Summary of results. —^Assuming 36 deg. C. to be the 
permissible temperature-rise of the conductor :— 

For a 0 * 5 in. cable laid singly under the conditions 
stated above, current loading = 678 amperes direct 
current, or alternating current at 60 periods per^sec. 



Fig. 3.—Cuives showing temperature-rise of various jgrrange- 
ments of 0*6 sq. in, single-conductor cable tested in air. 
Curve 1 refers to a single cable. 

Curve 2 refers to two single-core cables laid side by side with axes 3*36 cm 
(1 * 3 in.) apart and loaded with direct current. 

Curve 3 refers to two single-core cables with axes 9 cm (3*5 in. apart and 
loaded with direct current. 

For a pair o/ 0* 6 sq. in. single cables in air laid parallel 
throughout their length and under the same conditions 
as the above, the values given in Table 1 apply. 


Table 1, 


Distance between axes 

D.c. current 
loading 

Pair d.c. loading 
Single d.c. loading 

in. 

cm 

amps. 

per cent 

1*3* 

3*36* 


87‘8 

3*6 

9*0 


97*6 

4*76 

12*0 

673 

99*3 

8*26 

21*0 

678 

100 

12*6 

30*4 

678 

100 


* Cables touching. 


The first and last columns of this table are shown by 
curve A in Fig. 4. 

The calculation of the mutual heating effect of a 
pair of cables in air is not simple when it is remembered 
that the problem is one of a single cable in an infinite 
medium together with a local disturbance. Further, .a 
solution would be only of theoretical interest and the 
experimental curves in the paper relating to the problem 
of mutual heating are included solely on this account. 
It may be noted that at disjj;ances between axes of about 
6 diameters, the effect is negligible. 
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The problem of the mutual heating of buried cables 
is of course of great interest, but this has been fully 
dealt with elsewhere. In general, the effect will be to 
give a curve of the same type as that obtained in air 
but with the initial portion increasing at a much lower 
rate. 

Two single-phase cables {lead and return) laid up 
together ^—^The results of the tests corresponding to the 


100 



10 ZO 30 

Distance between, axes, cm 


Pig, 4 , —Curves showing the relation between (actual load- 
ing)/(theoretical loading) and axial spacing for a 
0*5 sq. in. single-phase cable system tested in air. 


of the effective resistance to the ohmic resistance of 
the conductor. 

Curve C in Fig. 4 represents the effects due to mutual 
heating and lead-sheath losses combined. The shape 
of this curve is interesting as giving an indication of 
the variation of permissible loading with distance 
between, axes, and it is to be noted that the maximum 



Pig. 6.—Curve showing the relation between and 

axial spacing in cm for a 0*6 sq. in. single-phase cable 
system tested in air and in an iron-free neighbourhood. 


practical case where the two 0*6 sq. in. single-phase 
cables carrying alternating current and having their 
sheaths bonded are laid up together or fairly close to 
each other, are given in Table 2 and are summarized 
in Fig. 2, curve B. 


Table 2. 


Distance between axes 

Current loading 
at 60 periods 
per sec. 

Temperature-rise 

Copper 

Lead 

in. 

cm 

amps. 

deg. C. 

deg. C, 

1-3 

3*36 


26*3 

— 

1*3 

3*36 


37-3 

28-5 

1*3 

3*36 


43*1 

— 

3-6 *‘ 

9*0 


31*66 

23*4 

3*6 

9*0 


37*7 

— 

8*25 

210 


36*4 

— 

12*0 

30*4 


38*26 

28*9 

12*0 

30*4 1 

1 

620 

29*4 



* Reducing these to the common value of a temperature- 
rise of 36 deg. C., the results given in Table 3 are 
obtained* 

The results given in Table 3 axe represented graphically 
by curve B in Fig, 4. Thef last coluinn gives the ratio 


possible loading occurs when the axes are separated by 
about 10 cm. But, as has already been pointed out, 
curve A applies to cables laid along the wooden floor 
of a room; for the case of buried cables the ordinates 
would be rather different. Curve B, however, will 
apply equally well to buried cables. 

Considering curve B, it is seen that the effect of lead- 
sheath losses increases as the conductors get further 
apart, resulting in a decreased loading of the cable 


Table 3. 




Current loading 

A.C. loading 

Reff, 

jLnsT.ance ueiwceu 

d.c. 

a.c. 

D.C. loading 

n 

in. 

cm 

amps. 

amps. 

per cent 


1?3 

3*36 


580 

96*1 

3*6 

9*0 

670 

632 

94*4 


8-26 

21*0 

678 

596 

88*0 

mmm 

12-0 

30*4 

678 

670 

84*1 

IH 


for a given temperature-rise. For the case of the lead 
s be athjg bonded at bolh ends the induced current is a 
maximum. Fig. 6 shows how the effective resistance 
offered to alternating current at 60 periods per sec, 
increases with the spacing (with lead sheatjjs bonded). 
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the ohmic resistance of the conductor being 0-0676 
ohm per 1 000 yards at 66° C. 

Presence of extraneous iron ,—Some tests were under¬ 
taken with the object of determining the safe current- 
carrying capacity of the cable under consideration when 
the two units of a single-phase system embraced iron¬ 
work in a definite manner* The results with lead 
sheaths bonded are given below. 

(1) Employing section of steel rail {see section A, 
Pig. 9).—^Weight per foot length = 22 lb. approx. 
The actual observations are given in Table 4, and these 
are reduced to a common value of temperature-rise in 
Table 6. 

Table 4. 


Testing current 




iJistance apart oi axes 

Copper 

Lead 

amps. 

in. 

cm 

deg. C. 

deg. C. 

667 (d.c.) 

1-8 

4-63 

34*69 

— 

488-6 (a.c.) 

1-8 

4-63 

40-3 

— 

460 (a.c.) 

1-8 

4*63 

34-9 

— 

661 (d.c.) 

1-8 

4-63 

33-9 

26*5 

468 (a.c.) 

1-8 

4-63 

36-16 

— 

700 (d.c.) 

3-5 

9-0 

36*27 

— 

650 (a.c.) 

' 3-6 

9-0 

37*0 

— 

700 (d.c.) 

6-3 

13-6 

34-3 

— 

766 {d.c,) 

6-3 

13-6 

39-86 

— 

620 (a.c.) 

6-3 

13-6 

29-1 

— 

600 {a.c.) 

6-3 

13-6 

38-06 

— 

670 (d.c.) 

8-26 

21-0 

31*8 

— 

578 (a.c.) 

8-26 

21-0 

34-7 

— 

466 (a.c.) 

12-5 

31-6 

23-0 

18*6 

704 (d.c.) 

12-5 

31-6 

34*9 

— 

680 (a.c.) 

12-6 

31*6 

36-6 

29*2 

Sheaths not 
669 (a.c.) 

bonded. 

12-6 

31*6 

32-3 

23*6 

700 (a.c.) 

12-6 

31*6 

36*0 



Table 5. 


Distance between 
a-xes (r) 

Current loading 

A.C. loading 

Ifejf. 

JR 

d.c. 

a.c. 

D.C. loading 

in. 

cm 

amps. 

amps. 

percent 


1*8 

4-63 

670 

460 

67-2 

2-22 

3*6 

9-0 

697 

634 

• 77*8 

1-71 

6*3 

13*6 

704 

674 

81-5 

1-49 

8-25 

21*0 

704 

680 

82-4 

1*47 

12-5 

31*6 

704 

664 

80-1 

1*66 


The values for direct current given in Table 6 are 
not quite the same as those in Table 3. This difference 
is due to the cable being supported off the floor, and to 
the proximity of the iron. In order, however, to 
determine the magnitude of the inductive effects the 
comparison is made with values of both alternating 
and direct current obtained under identical conditions 
of la 3 dng. ^ 


(2) Employing section of steel girder {see section B, 
Fig. 10).—^This is a type of girder commonly employed 
in building construction, weighing approximately 8*2 lb. 
per foot length. 

Table 6. 


Lead Sheaths Bonded. 


Testing current 

Distance apart of axes (r) 

r 

Temperature-rise 
of cores 

amps. 

in. 

cm 

deg. C. 

740 (d.c.) 

1-7 

4*3 

43*3 

640 (d.c.) 

1*7 

4*3 

33*2 

661 {a.c.) 

1*7 

4-3 

42-4 

600 (a.c.) 

1*7 ' 

4*3 

33-C 

702 (d.c.) 

3-6 

9-0 

36*4 

680 (a.c.) 

3-6 

9*0 

34-1 

702 (d.c.) 

4-76 

12*1 

34-5 

619 (a.c.) 

4-75 

12*1 

36-5 

724 (d.c.) 

8-26 

21*0 

36-2 

586 (a.c.) 

8-25 

21*0 

32*8 

620 (a.c.) 

8*25 

21*0 

36*6 

476 (a.c.) 

12-6 

31*6 

24*8 

660 (a.c.) 

12-5 

31*6 

33*3 


12-6 

31*6 

37*8 

678 (d.c.) 

12-6 

31*6 

31*9 

760 (d.c.) 

12-6 

31*6 

1 

38*7 

!-- 


Table 7. 


Distance apart of axes 

Current loading 

A.C. loading 


mm 

Wm 

D.C. loading 

in. 

cm 

amps. 

amps. 

per cent 


1*7 

4*3 

658 

610 

77-6 

BH 

3*6 

9-0 

699 

589 

84-3 

mSm 

4-76 

12-1 

708 

606 

86-5 


8-26 

21-0 

711 

606 

86*1 

Bi9 

12-6 

31-6 

711 

674 

80-6 

B 


The results given in Tables 6 and 7 respectively arc 
shown in Fig. 4, curves D and E. 

From the graphs it is seen that the current loading 
is greatly reduced owing to the strengthening of the 
field by the iron. The curves are somewhat similar 
in shape, the distance between the axes corresponding 
to the maximum loading increasing as the mass of iron 
per foot run increases. Also, with spacingsr greater 
than 30 cm the curves tend to coincide and run parallel 
to the corresponding curve for the system in an iron- 
free neighbourhood. With ordinary cable spacings, 
however, the reduced loading does not appear to follow 
any simple law, and it is clear that the losses and 
consequent heating will depend largely on the con¬ 
figuration of the neighbouring iron, and therefore, if 
the installation of a single-phase system in the vicinity 
of magnetic material is contemplated, each case should 
receive careful and separate attention with a view to 
the determination of its prjpbable characteristics when 
working. 
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Ill connection with the tests employing section A, 
an experiment was carried out with the cable embracing 
the steel rail, and axes 31*6 cm (12*6 in.) apart, but 
with the lead-sheath circuit open. No difference was 
observed between tlie heating with alternating current 
and direct current, though on bonding, while the 
alternating current was flowing, a heavy spark showed 
the presence of dangerous induced sheath voltages. 

Low-iension single-conductor paper-insulated plain lead-- 
sheathed cable of sq. in, cross-section. 

Number and diameter of wires comprising con¬ 
ductor = 37/0*1038 in. 

Maximum number of component wires on a diameter 

7. 

Overall diameter of complete strand = 0*7266 m. 

1*847 cm. 

Actual copper area = 0*3126 sq. in. == 202 sq. mm. 

Diameter over paper insulation = 0*92 in. = 2*34 cm. 

Thickness of lead = 0*24 cm. 

Diameter over lead = 1*11 in. = 2*82 cm. 

Resistance per 1 000 yards at 15*6® C. — 0*078 ohm. 

A series of observations was made similar to those 
carried out on the 0*6 sq. in. cable in an iron-free 
neighbourhood, and in general the same order is foUo^d. 

A single cable ,—As in the case of the larger cable, 
there is no appreciable difference between direct and 
alternating current at 60 periods per sec. Cutren^ 
loading (a.c. and d.c.) for a rise of 36 deg. C. — 51^ 

heating effect of a pair of codZes.—With direct 
current for a temperature-rise of conducte of 36 deg. 
the values are given in Table 8 . 


The results are plotted in Figs. 6 and 7, and these 
curves show that the performance of a 0 * 3 sq. in. cable 
in an iron-free neighbourhood is not radically different 
from that of a 0*6 sq. in. cable under the same con¬ 
ditions of laying. As would be expected, the inductive 
effects are less pronounced than with the 0*6 sq. in. 



cable. The maximum loading for a cable of this size 
in air occurs with a spacing of about 9 cm. In Fig. 
curves A and B refer to the measured and calculated 
values respectively. There is close agreement over the 
practical range of spachigs, the greatest discrepancy 
occurring when the cable sheaths are touching and also 
at the largest spacing. 

The ratio increases with the distance between 

the axes, as in the previous case. 


Table 8. 


Disttincc between .ijccs 

D.c. cunent loading 

Pair d.c. loading 
Single d.c. loading 

in.<% 

1 * 11 * 

3-3 

7*0 

12*5 

cm 

2*82* 

8*4 

17*8 

31*7 

amps. 

467 

606 

512 

612 

percent 

89-2 

98-8 

100 

100 


* Cables toudiing. 


Table 9 gives the values with both alternating current 
{60 periods) and direct-current for various distances 
apart for a rise of temperature of 35 deg. C. 


Table 9. 


100 , 


90 



'l 

^ A 


\ 



..V A,, 


Isol 

lU 

])i$taiice hetvrecn axes, in an. 

7 .-Curve 8 showing the relation between (actaal load- 

ing)/(theoretical loading) and ,S 4 ^ ^ 

0*3 sq. in. single-phase cable system tested in air. 

he corresponding figures for a 0 -1 sq. in. vulcanized- 
ler olain lead-sheathed cable are as follows . 


Distance between axes 

Current loading 

A,C. loading 

R 

d.c. 

a.c. 

D.C. loading 

in. 

. 1 - 11 * 

3-3 

7-0 

12-6 

cm 

2-82* 1 
. 8-4 
17-8 
31-7 

amps. 

457 

506 

612 

512 

amps. 

450 

476 

469 

456 

per cent 

98-6 

94-0 

91-6 

89-0 

1*03 

1*13 

1 * 20 . 

1*26 


• Cables toucliing. 


umber of component wires on a diameter 
“overall diameter of complete strand = 0-426 in. 


= 1*08 cm. 

Actual copper area 
Diameter over rubber 


0-103 sq. in. 

insulation = 0-582 


in. 


JhikSs of lead = J X 0-16 m. = i ^^8 cm. 

Diameter over lead = 0-732 = Vc®®=r;:26 ohm 

Resistance per 1000 yards at 16-6 C. =» 0 26 onm. 
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A single cable lying along the wooden floor of a room ,— 
Current loading (a.c. 50 periods, and dx.) for a rise of 
36 deg. C. = 246 amperes. 

Mutual heating effect of a pair of cables, —^With direct 
current for a temperature-rise of conductor of 36 deg. C. 
the values are given in Table 10. 

Table 10. 


Distance between axes 

D.C. current loading 

Pair d.c. loading 
Single d.c. loading 

in. 

cm 

amps. 

X)cr cent 

0-73 

1*86 

210 

86*7 

1*65 

4*2 

229 

93*4 

2*9 

7*4 

240 

97*9 

7*7 

19*5 

245 

100 

12*1 

30*8 

245 

100 


Table 11 gives the values with both alternating 
current (60 periods) and direct current for various 
distances apart for a rise of temperature of 35 deg. C. 

Table 11. 


Distance between axes 

Current loading 

A.C. loading 

d.c. 

a.c. 

D.C, loading 

in. 

cm 

amps. 

amps. 

per cent 

0*73 


210 

207-6 

98*8 

2*9 

7-4 

240 

235 

98*0 

7*7 

19*5 

245 

236*6 

96*6 

12*0 

30*8 

246 

234 

95*6 


* Cables touching. 


The above results are graphically represented in 
Fig. 8, in which A and B indicate the measured and 
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Distance between, axes, ia cm. 

Fig. 8.— Curves showing the relation between (actual load- 
ing)/(theoretical loading) and axial spacing for a 0*1 
sq. in. single-phase cable system tested in air. 


calculated values respectively. In this case the differ¬ 
ence between the two curves is practically constant, 
—-irimental values indicating a rather lower 
Curve C refers to mutual heating in air with 
rent, and D is the resultant of A and C, giving 


a maximum loading in air corresponding to an axial 
spacing of about 12 cm. 

The effect on the current-carrying capacity when the 
iron section A (Fig.. 9) was interposed throughout the 
whole of the test lengths of cable was investigated as 
in the case of the 0* 6 sq. in. cable. The results obtained 
are given in Table 12. 


Table 12. 


Distance between axes 

A.c. loading 

D.C. loading 

in. 

cm 

per cent 

1*23 

3*13 

92*0 

3*2 

8*2 

96*7 

7*26 

18*37 

96*3 

12*2 

30*9 

96*4 


The values in Table 12 refer to a temperature-rise 
of conductor of 36 deg. C., the lead sheaths being 
bonded, and are shown graphically by curve E in Fig. 8. 



Scale 0 1 2 3 4 5 cm 

Fig. 9.—Section A. 

Permissible current loading for various condUions of 
laying, —^The composite effect of spacing the cables 
apart and the induction effects with and without iron 
are shown in Tables 13 and 14, in which the loading 
under the different conditions is expressed as a per¬ 
centage of the standard value for two cables laid up 



Scale 0 i i s 4 5 cm 
Fig. 10.—Section B. 

close to and touching each other as is given in the 
I.E.E. Wiring Rules tables (7th edn.). 

It will be noted that with the 0-1 sq. in. cable the 
current-carrying capacity is in most cases increased by 
increase of the spacing and by clamping the cable to iron. 
In the case of the 0*6 sq. in. cable, however, the loading 
with alternating current is 'in most cases substantially 
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Teduced and, in particnlar, under the not unusual 
condition of two cables being clamped to an iron girder, 
the rating is only 72 per cent of the standard. Atten¬ 
tion should be drawn to the fact that if a cable laid 
under th^se conditions were run at the standard rating, 
tliis temperature-rise would be 90 deg. F. instead of 
the 60 deg. F. allowed by the I.E.E. Wiring Rules. 

Table 13. 


The values in Tables 6, 7 and 12 and in Figs. 4 ^d 
8 are for cables laid on an iron girder, where the rating 
will, of course, be affected by the extent to which the 
cables are in intimate contact with the iron. They 
must therefore be regarded as being only approximate. 
It is, however, satisfactory to find that the cables of 
0*1 sq. in., and less, can be used up to the standard 
rating under all conditions, but it is clear that special 
precautions must be taken for cables larger than this. 


Fof a Pair of 0*6 sq. in. Cables {Go and Return), 


Condition of laying 

Type of current loading 

Current loading 
in terms of 
standard value 
in I.E.E. 
Wiring Rules 
(7th edn.) 

Cables toucliing with-*! 

D.C. 

100 

out iron / 

A.C. (50 periods) 

96 

Cable axes at 1*8 in.^ 

D.C. 

104 

apart without iron j 

A.C. (60 periods) 

100 

Cable axes at 12 in.\ 

D.C. 

112 

apart witliout iron / 

A.C. (60 periods) 

94 

Cable axes at 1*8 in.*! 


107 

apart with iron sec- 1. 

, D.C. 

tion A (Fig. 9) f 

A.C. (60 periods) 

72 

interposed J 



Cable axes at 12 in.*' 


112 

apart with iron sec¬ 

^ D.C. 

tion B (Fig. 10) 

A.C. (60 periods) 

91 

interposed 




Table 14. 

For a Pair o/ 0 • 1 sq. in. Cables {Go and Return), 




Current loading 
in terms of 
standard value 
in I.E.E. 

Condition of laying 

Type of current loading 

Wiring Rules 



(7th edn.) 

Cables touching with-*! 

D.C. 

100 . 

out iron J 

A.C. (60 periods) 

99 

Cable axes at 1*23 in,\ 

D.C. 

106 

apart without iron J 

A.C. (60 periods) 

106 

Cable axes at 12*0 in.1 

D.C. 

117 

apart with and with- V 
out iron J 

A.C. (50 periods) 

111 

Cable axes at 1*23 in. 

D.C. 

113 

apart with iron j 

A.C. (60 periods) 

106 

• ^ 




The above refers only to comparison with the standard 
rating. Actually, as shown by Figs. 4, 7 and 8, in which 
the whole of the results are given, the comparison 
between alternating and direct current for any one 
condition is more unfavourable to alternating current. 
Reference to these figures shows that there is a critical 
spacing for a particular size of cable and method of Ihying 
that will give the maximum loading. This is approxi¬ 
mately 10 cm (4 In.) where there is no iron, and increases 
up to 20 cm in the proxiimty of a heavy section of 
iron. 


Losses in Lead Sheath. 

The calculation of the induced E.M.F.’s in the lead 
sheaths of single-core cables carrying alternating current 
is facilitated by considering the system as a transformer 
in which the primary is the copper conductor and the 
secondary is the lead sheath, each of one turn. 

The conception of a single-phase system as being 
equivalent to a transformer witli short-circuited 
secondary, and with zero reactance in the secondary, 
was elaborated by Clark and Shanklin.<‘ The appen¬ 
dixes to that paper deal very fully with the charac¬ 
teristics of single-conductor cable. 

For a discussion of the magnetic interlinkage between 
two circuits, Theory and Calculation of Electric 
Currents,** by J. L. La Cour and O. S. Bragstad (trans¬ 
lated by S. P. Smith, D.Sc.) should be consulted. On 
page 116 the authors state: “In electromagnetic 
machinery, we have nearly always to deal with a main 
flux and a stray fiux, or with corresponding magnitudes, 
viz. the coefficients of mutual and of stray induction. 
This is due to the fact tliat these fluxes are actually 
present in the machine, whilst the fluxes corresponding 
to the coefficients of self-induction do not as a rule 
exist, and consequently are not easy to calculate. More¬ 
over, the former method of calculation has the advan¬ 
tage that all machines can be analytically replaced 
by equivalent electric circuits. On the contrary, -^e 
reactance 2'ncL^ (where c = frequency and = coeffi¬ 
cient of self-induction of the primary winding) is not 
at all confined to one electric circuit, but is distributed 
over two circuits in which different currents flow. 
Consequently, with machines, it is not convenient to 
work with the reactance due to self-induction. In the 
case of mains or other similar circuits, however, where 
little or no iron at all is present, the conditions axe 
different. Here the reaction of tlie currents in neigh¬ 
bouring conductors is often so small that the stray flux 
is larger than the main flux. In such cases it is best 
to use tire coefficients of self-induction, and estimate 
as nearly as possible, by approximate calculations and 
experiments, the damping effect of secondary cuwents 
in the neighbourhood or in the conductors then^elves. 

Clark and Shanklm,t Capdevillet and other in¬ 
vestigators have, for tixe purpose of extending the 
treatment to certain polyphase systems, consid^d one 
cable and the neutral. In the present pap^ attention 
is confined to single-phase lines consisting of a pair of 
cables, go and return. 

The question of single-phase lead-sheared cables 
can be conveniently approached by a consideratmn o 
the various coefdcients of induction involved, and this 
is the course adopted in the present case. 

■ * BibUography, item (2). t item (3). X item (1). 
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In considering the losses in the lead, let Fig. 11 
represent a single-phase system. Let the distance 
between the axes of the two cables be denoted by A 
and let the conductors of length I be traversed by a 

current ia (absolute units). 

The magnetic field at any point P is the resultant 
of the two magnetic fields at point P due to the currents 

in the two conductors. ^ 

To take into account the effect of the various hitoges 
we must therefore use an expression of the form 
where is the flux linking the current Jjg. 

In this treatment there are three inductances to be 
determined, viz.. 


Hence 


= 21og«a!j 
D 

= 2 log. - 


Now consider the flux inside conductor A. 
Remembering that the magnetomotive force == work 
done in carrying unit pole once round the circuit we 
have:— 

At distance from centre 

H X 2'7ra;i == 

* 


( 1 ) The inductance of the copper circuit comprising 

the two conductors; 

(2) The inductance of the lead circuit comprising 

the two lead sheaths ; and 

(3) The mutual inductance between the copper and 

lead circuits. 


a?i 

Therefore ^ ^ 

Ti 

If dO' is "til® traversing an element comprised 

between the cylinders of radii and + dx^t then 


Taldng these in order :— 

( 1 ) In Fig. 11 let be the radius of the conductor, 
and and respectively the internal and external 


K E 6 



Fig 11 —Single-phase circuit of a pair of single-core lead- 
* covered cables lying parallel to one another in a hori¬ 
zontal plane. 


Tl 

2 

, . Xi 

The current linked by dQ is 

,2 ^ * 

Therefore linkages due to d® = ^ *-3 ^ 

Tl ri 


^xidx^ia 


r'l 


Hence 


2 r% 


Hence total inductance per cm due to tlie flux of 
conductor A is 


radius of the lead sheath. It is assumed that the length 
of the line is great compared with the axial spacing. 

The field H outside conductor A at a distance x from 
the centre of A is 2ijx, Consider a length of 1 cm. 


Then flux = dO = {2ijx)dx and 


•'tt 


= (2ifjx)dx 


L= (2 log. ^ -h j) abs. units 
= effective inductance of one wire. 

Since the currents in the two conductors arc in oppo¬ 
site directions, the total fluxes produced in each are 
added. 

Hence total inductance per cm due to both conductors 


It should be noted that in connection with the upp^ 
limit D we ought actually to take the mean between 
GH and KN, which is EF (Fig. 11), and therefore 
the shaded area is involved. But the usual assump- 
in. these calculations is that the core diamet^s 
are small compared with the distance apart of the 
axes. With such assumptions D is quite sufflcient. 
It is intereslmg also to note that the result obtained by 
these limits is strictly correct, the slight apparent 
discrepancy being compensated for by the distortion 
of the magnetic whirl axes due to the proximity of the 
two condvfctors. 


=5 ^4 logg ““ “h 1 J abs. units. 

If the conductor has an inner hemp or other non¬ 
conducting core of radius the total inductance per 
cm due to both conductors is given by 



rj - 3 r 4 


+ 


44 

(r2-rf)2 



abs. units. 


For a length I cm each expression is multiplied by 1. 

( 2 ) For the second coefficient of self-induction with 
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which we axe concerned the argument is as before, and 
for the lead system we therefore have :— 

Total inductance per cm due to the double line 





_ 2 2 j 2 

D 4r2 



abs. units. 


As befo: 5 :e, this expression is multiplied by I for a length 
I cm, and its reactance 


Xg = ct)Ls = ^TifLg, 


(3) The mutual inductance between the copper and 
lead circuits will be denoted by M. 

' The field at a point Q distant x from tlie centre of 
A is 2ijx, If d(p^ is the flux traversing an element 
comprised between the cylinders of radii x and (x + dx), 
tlien dOi = {2ijx)dx per cm length. 


/X^ — T^\ 

The current linked by 2 ' Z^ lM) 

' * 0 ' 


Linkages due to 






= 1 - 


2f| 

(i-»f 



The field at a point outside the lead sheath of A and 
distant x from the centre of A is 2ifjx. 

Flux dO = (2ijx)dx per cm length. This flux links 
the whole of the lead sheath current 



The total inductance per cm due to flux of conductor A 

Mutual inductance per cm due to both cables 


= ilf =» p2 - log, ^ + 4 log, abs. units. 

I— V 3 ^2} *2 ' 8 “* 

It will be assumed that the lead sheath is a complete 
circuit, the ends being bonded across, and the following 
symbols will be taken to refer to the long rectangular 
loop so formed. 

. I = current flowing in the conductors. 

JB s= ohmic resistance of the copper circuit per cm 
length of the loop (go and return), 

% = current flowing in the lead sheath. 

I = length of each conductor. 

D = distance between the axes of the two cables. 


Tg = ohmic resistance of the lead-sheath circuit per 
cm length of the loop. 

V ^ P.B: applied to the copper circuit. 

o) = 27 t/, where / — frequency in periods per second. 

M. = coefficient of mutual induction between the 
copper and lead circuits per cm length of 
loop. 

L — coefficient of self-induction between the copper 
(or primary) circuit per cm length of loop 
= total interUnkage of the copper circuit with 
the flux produced by unit current in the 
cores. 

Lg = coefficient of self-induction of the lead-sheath 
circuit per cm length of loop. 

S = coefficient of stray induction of the copper cir¬ 
cuits per cm length of loop 
total interlinkage of the copper circuit with 
the copper stray flux produced by unit current 
in the cores. 

Sg = coefficient of stray induction of the lead-sheath 
circuit per cm length of loop. 

Then L == S + M ior the copper circuit per cm length 
of loop and Lg^ Sg + M for the lead circuit per cm 
length of loop, i.e. = (L — jS) (L^j — Sg). 

Then for the very long rectangular loop the following 
equations apply:— 

• • • • 

+ + . . .(2) 

Assuming V to vary sinusoidally. Equations (1) 
and (2) may be solved to give I and igt the solution 
involving differential equations of the second degree. 
The mathematical problem is well known and the method 
of solution is briefly as follows* : With the currents I 
and ig assumed to differ in phase by 6 and following the 
equations 1^1 sin ojt and ig = ig sin [oyt -|- G), the 
useful results are :— 


tan 0 = 


co Ls * 


sin 6 — 


a>Ml 


v = l 


R + 


V'(r“ + 


( 3 ) 

( 4 ) 


(r^ + 


s) 


■s 

+ co^L - sin + O) . (6) 

\ rj -f cD^Lg' -J 

_ tori - 

where tan ® == -TTTToTTTF"; aTvT * ^ ^ 

[J2 + {a)^M\)l{ri + eo®i,)] 

The current I in the conductor lags behind the 
voltage by an angle <[). 

Apparent resistance of the copper circuit 

+ toUf 

Electricity and Magnetism,” 4ih cA., p. 888. 


(7) 


• S. G. Starling ! 
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Apparent inductance of the copper circuit 


:=: JD- 


r\ -h M 


( 8 ) 


From these equations it is seen that eddy currents 
in the lead sheath can be regarded as being equivalent 
to an increase in resistance and a decrease in induc¬ 
tance of the cores, resulting in increased losses. Equa¬ 
tions (7) and (8) indicate that the magnitude of the 
eddy-current effects depends upon (and increases with) 
the frequency of the current in the conductors and 
upon the dimensions of the latter. 

Vector Diagram for the E.M.F.'s Arising in a 
Single-Phase Cable Circuit with Lead Sheaths 
Bonded. 

Equations (1) and (2) can be combined in the vector 
diagram given in Fig. 12, where the vectors OA, AB, 



Scale ilDOiooMOTOicitiYolb 
per cm lengtli of Jungle cdtle 

Fig. 12. —Vector diagram for the E.M.F.*s arising in a .single¬ 
phase 0*5 sq. in. cable circuit with axes 10 cm apart 
and lead sheaths bonded. 

BF, and the vectors OD, DE, OE, correspond to (1) 
and (2) respectively.* 

Let 01 be reference vector, 

OA = R/. in phase with the copper current, 

AB = a>iS/ (90® ahead of OA), 

OD =: in phase with the lead-sheath current, 

^ ^ _ cdMI 

A AOD = (Jw + a) 

DE = 90® aliead of OD 

- 0)1/j, 

where a is given by tan a = —" 

r, 

* S. G. Staruno, loc. ciUf p. 361. 


OE = vector sum of OD and DE 

s= E.M.F. induced in the lead due to varia¬ 
tion of copper current 

= ikf — (parallel to OY) 

dt 0 

= o)M1 

BF — E.M.F. induced in the copper circuit 
due to variation of lead-sheath* current 
= o)Mis (parallel to DE) 

~V(r* + a)2i*) 

OF = the resultant of (OA, AB and BF) 
= applied P.D. to copper circuit. 


Effective Resistance and Effective Reactance 
OF THE Copper Circuit. 

By suitably altering the scale of the diagram we can 
make the vectors represent ohms instead of volts, as an 
air-core circuit is being considered. 

Drawing FG perpendicular to 01 and FH perpen¬ 
dicular to AB we have the effective resistance of copper 
circuit represented by OG = say, 

OG = OA + AG = OA -f- HF 

= OA + BF sin (Jtt — a) = OA + BF cos a 

Therefore OGf = JfJS + —cos a ^ 

Vi^i + 

Effective resistance of copper circuit 
co^M^ cos a 


jRj = jB -|- 


but 


therefore 


cos a 


r. 




rj + o)^Ll 


The effective reactance of the copper circuit is repre¬ 
sented by 

FG = (oL^l (say) 

FG « AB - BH == AB - BF sin a 

o)L. 


or 


:=a>L/- , , ^ 

co^M^ \ 

My 


Therefore coL. = o)L — o}LJ’- J ^ -‘—— 

H- 


The angle FOA =0 is the angle by which tlie copper 
current lags behind the applied P.D. to the core. Thus 
with the lead-sheath circuit closed and consequently 
a current of circulating* in the lead, the effect, as 
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already shown, is to cause an apparent increase in the 
resistance and an apparent decrease in the self-induc¬ 
tance of the copper circuit. In every case a lead-sheath 
current results in increased power being absorbed by 
the cable^ either by increasing the core current or by 
altering the phase of the copper current. 

OF represents the impedance when tlie lead circuit 
is completed, and OB the impedance when the lead 
circuit is open, showing that the impedance in the first 
case may be greater than in the second case. 

If FJ is drawn perpendicular to BF, i.e. z. BFJ = J 77 , 
we have 


“ cos (Jtt - a) 

= _ 

sin 

<X)Ls 

AJ == AB - B J 


= o)Lt — 


cornel 


= ^{£4-M2) 


Now^M^ cannot be greater than LLg, since it is 
impossible for tlie core and sheath to enclose the whole 
of the magnetic flux. Hence 1 — lMy{LLg)] must have 
a positive value. 


The Case when the Lead Sheath is Open- 
Circuited. 

It is of interest to consider the case where the lead 
sheath does not form a complete circuit. 

We have 0, = 00 , a = 0. 

The vector diagram becomes as shown in Fig, 13. 

0A = i2Jf 
AB = (oLt 
OE « coMl 

E.M.F, in the lead sheath = OE s= o)Ml, 

If the copper resistance (OA) is small, then OE is 
nearly 180® out of phase with the applied E.M.F. to 
copper (OF), 

ig = coMlf and this is the voltage induced in the lead 
when the sheath is insulated. 

Impedance is represented by OB. 

The difference between the open-circuit and closed- 
circuit conditions may be better realized by imagining 
that the circuit is completed through a gradually 
diminishing resistance. 

As the resistance of the lead circuit diminishes from 
infinity (the diagram being of the form shown in Fig. 12), 
the point F moves over the arc of a circle of diameter 
BJ in the direction BFJ. Additional power is absorbed 
by the cable in order to maintain the same current in 
the core, and, in the limil; the minimum value r, is 
reached when the .sheath is closed on itself. 


Effect on the Permissible Current Loading. 

Having determined an expression for the losses we 
proceed to determine the permissible current loading 
in the cable for a given temperature-rise. In any such 
case the procedure is on the assumption that we can 
express the loss of energy occurring in the sheath in 
the form where represents the resistance by 

which the ohroic resistance of the core must be increased 
so tliat is equivalent to the lead-sheath loss. 

Thus if 7 =: permissible current loading of core, 
and E — direct-current resistance of core, 

total losses W == copper losses Wg + lead-sheath losses 

W ^ We+Ws 
= El^ + E^I^ 

= IHE - 1 - E^) 

Alternatively, we may take 7^ to be the conductor 
current which, flowing through the ohmic resistance 



Fig. 13. 


E of the copper system, gives rise to a loss equivalent 
to the lead-sheath loss. 

Then, as before, TF == TFc + 

therefore W = J^B-\-I\R = R(I^ 4- if). 

Then if Ig be the direct current which, flowing through 
the conductor, produces the same heating as is produced 
under alternating-current working, we have 

^ B{I^ + if) 

Therefore J, = -f I®. 

Now 7g, the intensity of direct current producing a 
given temperature-rise in the cable, is directly deter¬ 
minable when the conditions of laying are known. In 
the case of the tests described in the paper, curves 
are given which enable the value 7^ to be read off 
directly. For cables laid under certain conditions the 
values of the current for a given temperature-rise of 
the core can be obtained from other sources,* 7^ is 
given by Wg ~ 7ijB. Hence 7 is calculable., 

♦ S. W. Memom and H. C. Booth : Journal 1011, xol. 47, p, 711; 

also S. W. Meisom and E. Fawssett : /6W., 1923, vol. 61, p. 617, 
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l^eturning to the first method where the ohmic 
resistance of the core is increased by an amount jBj 
we have, from the preceding, the lead-sheath loss given 

by 


TT. = ifr. 




Also 


^ri+oi^L-, 


W, = and Wt = 


+ ut^LV 


Therefore 



B 



-f- 


where B = direct-current resistance of the core, 

= resistance by which the square of the 
permissible current is multiplied to 
give the lead-sheath loss, 

(B + jRJ = resistance by which the square of the 
permissible current is multiplied to 
give the total losses under alternating- 
current working, 

. and I s= permissible current loading under alter¬ 
nating-current working. 


This means tliat lead losses may be expressed in 
terms of conductor loss and, therefore, regarded as a 
decrease in the copper cross-section, the loading being 
correspondingly reduced. 

Let B^ =» -j- B-^ 

If ap a and are the cross-sections corresponding to 
the resistances Bp B and B^ 


aj a 

where af is the section of a fictitious conductor carrying 
the permissible current I in which the direct-current 
loss is equal to the loss occurring in the actual cable of 
section a 

3 — ^ 

cb 22 -f- 2^2 


Proceeding on the assumption that the total heating 
occurs wholly in the core, we can determine the permis¬ 
sible loading when alternating current is employed. 

The relation between the current J in a cable of 
cross-section a, when only conductor heating is con¬ 
sidered, is given by 

Hence if J == actual current loading, and 
theoretical current loading 

This may also be expressed graphically as in Fig. 14, 
where curve 1 is given by I =/ (a) 


Now 

Hence 

r* 


El 

Wc 


•5i _ ® 1 — ® 

B O/j 


a, = -;xa. 


In the figure, AC is given by X AB, since 

B is a point on the curve I — /(a), and AC represents 
the copper cross-section across which the square of 
the current OA flows to produce the lead-sheath losses. 
A series of points can thus be obtained from experiment 
or calculation, and curve 2 drawn through them will 
satisfy the equation 


To complete the figure we join OC, draw BM per¬ 
pendicular to the horizontal axis, and join AM cutting 
OC in P. 

Then the ordinate RQ gives tlie permissible current 
loading with alternating current. 

The section represented by OQ gives with an alter¬ 
nating-current loading (represented by RQ) tlie same 



Fig. 14.—Construction for obtaining the permissible loading 
of a cable circuit on the assximption that the total heat¬ 
ing occurs wholly in the conductor. 


loss of energy as the section represented by OM gives 
with a direct-current loading represented by BM. 


OQ-a/ 
OM = / 
ON = Gj 



aj a 


A similar figure has been given by Soleri * in gonnection 
with the dielectric losses in high-tension cables* 

The calculated value of tlie ratio Bgff JB is greater 
than the measured value in the case of tlie large cable 
(0 ’ 5 sq, in.) worldng at its normal rating, but the formula 
is in good agreement with experimental determination 
for the cables of 0-3 sq. in. and 0* 1 sq. in. cross-section. 

The maximum difference observed over the range of 
cables tested was about 4 per cent of the current loading, 
which is probably near enough for practical purposes. 

The differences between actual and calculated values 
are due partly to small differences of temperature'. 

* Bibliography, item (fi). 
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Fxirther, in the theory a number of assumptions are 
made in order that the mathematics may become manage¬ 
able, but it is evident that some of these do not completely 
fit the facts. For example, the theory assumes uniform 
current distribution, whereas the latter is affected by 
the presence of the return conductor. In this instance, 
however, formulae are avilable for estimating this effect, 
and, for further particulars, Theorie der Wechsel- 
strome ^ by J. L. La Cour and O. S. Bragstad should be 
consulted. Also, in the calculation of the coefficients 
of induction the effect of end-connections is neglected. 

The impedance and power were not checked experi¬ 
mentally, but the theory shows that the resistance factor 
is the important one in the expression for impedance. 
As pointed out by Atkinson,* it is possible for the im¬ 
pedance of the cable to be greater when the lead is 
short-circuited than when it is open-circuited. 

In considering the experimental work it is important, 
in order to obtain results of any value from a theo¬ 
retical treatment, to Imow the actual values of the 
resistances of the copper and lead per unit length, 
more especially the lead. These constants should 
be obtained by measurements on the actual cable, for 
tliey are important factors in tlie theory and it is of 
little use to assume a resistivity for lead and work 
from the dimensions to get the losses. Small variations 
in Vg affect the calculated losses to an appreciable 
amount. These precautions will be more important 
when pealing with the larger sizes of single-conductor 
cable with small spacings, for then the theory is likely 
to depart still further from practice, owing to the diffi¬ 
culty of accounting for the complex proximity effect. 

The fact that even with the largest size of cable tested 
no measurable difference could be detected between 

♦ Bibliography, item (4), 


the heating with direct current and with alternating 
current, and the lead sheaths being open-circuited, 
indicates tliat under these conditions the eddy-current 
effects (skin effect) in sheath and in conductor are neg¬ 
ligible. With still larger sizes of cable, however, the 
skin effect would become appreciable. 
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Discussion before the North-Eastern Centre, at Newcastle, 24 November, 1924, on 
^ THE above Paper and on a Paper * by Messrs. Melsom and Booth. 


Mr. E.Fawssett; The paper by Messrs. Melsom and 
Beer is a very good example of a carefully controlled 
series of experiments the results of which are compared 
with theory. I wish, however, that the authors had 
carried their investigations to greater separations—at 
least on one size of cable to obtain the characteristic— 
and had also employed up to at least 1 • 0 sq. in. cables, 
as the additional sheath losses rise very rapidly with 
the size of cable used. The theoretical law of sheath 
losses versus separation in a single-phase system was 
shown t by Prof. Cramp and Miss Calderwood to 
depend ^on a logarithmic term logio[(l — B?)IK\, K 
being the ratio of the cable radius to the axial separa¬ 
tion, and varying from 0*23 with the cables nearly 
touching to 36 (theoretically) when the return cable is at 
,a nearly infinite distance away, or, say, about 1 to 160. 
This ultimate figure is, of course, impossible because of 
the bond resistance then necessary. The curve drawn 
for the ratio a.c./d.c. loading from this formula, after 
providing for the proximity effect, comes well below the 

* "The Current-Carr^ng Capacity of Solid Bare Copper and Aluminium 
Conductors,” Journal l.E,E„ 1924, vol. 62, p. 909. 

t “Tho Use of Single-Core Sheathed Cables tor Alternating Currents,’! 

1923, vol. 61, p. 477. .. 


authors* experimental results at moderate separations, 
and this is a further reason why they should have 
shown the effect of separation over a wider range, 
seeing that it is rapidly increasing at the point where 
they left off. I consider that the authors were quite 
right to limit their investigations to a " continuously 
earthed" system, as this is the usual and also the 
severest case. While the method of measurement 
adopted is justified in their case for this particular 
investigation, it is not one ordinarily capable of great 
accuracy and requires very specially close control of 
the current and of the room temperature: at a tempe¬ 
rature-rise of 36 deg. C. this ought to be held to 
within i deg. C., which is, I think, scarcely possible. 
I have not been able to repeat results by this method 
with such accuracy as would permit me to assert that 
a 0*6 sq. in, single cable will carry exactly the same 
current with direct current as with alternating current 
at 60 periods per sec., and considering the additional 
losses that there must be in the latter case (sheath 
eddy currents 1 per cent and skin effect about 1 per 
cent in terms of copper loss) it would not appear to 
be rigidly true. More especially does it seem ^gemarkable 
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that this method could detect no difference between 
direct and alternating current for a pair of 0*5 sq. in. 
cables with sheaths not bonded but with iron inter¬ 
posed, when the induced sheath voltage is very much 
liigher than normal and there must be some losses in 
the iron preventing it having the same cooling effect as 
on direct current. The equation given on 

page 191 would hold as stated for equal heating in 
the two cases, but I submit that for a given core 
temperature-rise the heat-ffow conditions with direct 
and alternating current respectively are very far from 
equal. With the latter a large percentage of the total 
watts are expended directly in the sheath and therefore 
only elevate the core temperature by approximately 
75 per cent of what they would if they were expended 
in the core. Consequently the increment over the 
copper loss should be increased by I/O*75 or 33 per 
cent in order that the resulting effective resistance 
figure, may really represent the watts that have to be 
supplied. This does not in any way vitiate the experi¬ 
mental results or the conclusions to be drawn from 
them, provided it is made quite clear that is the 
a.c. resistance for thermal considerations only. Seeing 
that the theory of mutual heating has been worked 
out, I scarcely think that in Table 1 et seq. the term 
theoretical current-loading should be employed for a 
value which it is known must be wrong, and I would 
suggest substituting 

Pair d.c. loading* 

Single d.c. loading 

In Fig. 4, curve F seems to agree closely with 
Prof. Cramp's and Miss Calderwood's figures, curve B 
showing that the practical result is substantially better. 
This divergence increases with the size of the cable 
and if the figures for a 1 sq. in. cable showed the same 
tendency exaggerated they would be very reassuring. 
It should be emphasized that Fig, 6, showing the incre¬ 
ment of apparent resistance, is applicable to core 
heating only, since the real effective electrical resistance 
is considerably higher, the figures to compare with the 
last column of Table 3 being 1'112, 1*164, 1*39 and 
1*667, this last showing a 10 per cent increase over 
the figure 1*417 in the table. If ‘'proximity effect" 
curves be drawn from Tables 1, 8 and 10, it is remark¬ 
able that the 0*5 sq. in. value starts, when sheaths 
are in contact, between the values for the 0*3 sq. in. 
and 0*1 sq. in, sizes. Can the authors account for 
this ? I should like to see an additional figure, similar 
to Fig. 8, for the case of Table 12. Curve E in Fig. 8 
corresponds to curve A for the iron-free condition, but 
it cannot be combined with C, as the proximity effect 
with iron interposed is quite different, and a new 
curve F is required, the resultant of which with E, 
say G, would then be comparable with J> in Fig. 8, 
giving a different separation, I think, for the maximum 
loading. There seem to be serious discrepancies in 
Tables 13 and 14 [since revised for the Journal}. The 
authors state (in the advance copies of the paper) 
that the relation between the current J in a cable of 
cross-section a when only the conductor heating is 
considered is given by a ==: Kfi, If this means " for 
♦ Since substituted in the paper as printed in the Journal, 


constant watt loss " I agree, but if, as the curve derived 
from it in Fig. 14 states, "permissible loading," i.e. 
constant temperature-rise, is meant, then the watt 
loss varies as the radius of the cable. Consequently, 
if the radius be doubled and tlie area therefore in¬ 
creased four times, the ratio of the squares of the 
two currents appears to be 1 to 8 for constant tempera- 
ture-^rise, whereas according to the quoted equation it 
should be 1 to 4. Perhaps I have misunderstood the 
authors' meaning, but as the construction in Fig. 14 
depends on it I should like to hear their explanation. 
From results on single-core cables in the Report on 
the Heating of Buried Cables it would appear that, 
experimentally, a = The experimental results 

in the paper will certainly be of very great value indeed 
to all users of single-core cables. 

Mr. H. Parry j The cooling-curve method of deter¬ 
mining h described by Messrs. Melsom and Booth in 
their paper published in the November 1924 issue of 
the Journal is very neat, and it is very satisfactory 
to know that the heat loss can be determined from 
such simple equations. The method has the dis¬ 
advantage that the specific heat must be known; 
this appears to be a variable for copper, as values 
given in the Smithsonian tables covering the tempe¬ 
rature interval 26 deg. C. to 100 deg. C. are 0*0917 to 
0*0942 respectively. For busbar purposes the results 
obtained with dull black paint are chiefly of theoretical 
interest, as the bars are usually either not paimted or 
painted with the colours red, white and blue for mark¬ 
ing polarity, the paints having a glossy surface. I 
think that it would be of great practical value if the 
authors would give figures for h under these conditions. 
The " proximity effect" tests should have included 
tests with the spacing between the bars equal to the 
bar thickness, for in multiple-bar busbars this seems 
to be the usual practice, I think it is worth noting 
that busbars have not only their own losses to radiate 
but have to carry away most of the heat from ammeter 
shunts and such-like apparatus, and allowance should 
be made for this. I have compared the values for h 
given in the paper with those given for lead cable 
sheaths of 1 in, and If in. diameter in the Journal 
(1923, vol. 61, p. 671), where the average figures are 
0*0007 (bright) and 0*0011 (black) at a temperature 
of 30° C. These values are much higher than those 
given by the authors. Do they consider that this is 
due to the lower temperature or to the nature of the 
surface? I think, that the brackets in Equation (3),. 
page 910 (voL 62), should be deleted, 

Mr. T. Carter : With reference to Messj:s^ Melsom' 
and Booth's paper, it would appear that the regulations. 
specifying that busbars shall be painted with colours 
to indicate their polarity or their phase relation may 
have the effect, since bright enamels are often used,, 
of seriously reducing the carrying capacity of the bars, 
and further comment by the authors on this point is 
very desirable. The paper states a definite figure for 
the reduction in carr 3 dng capacity due to the placing 
of two bars near each other with a distance between 
them equal to their breadth; it is important to know 
•vsrhat the effect is of placing bars near each other with 
a distance between them Approximately equal to their 
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thickness, this being the arrangement commonly met 
with in bars with interleaved joints, when the parts be¬ 
tween the joints are spaced out from each other by the 
thickness of the interleaved strips. What, for example, 
would be the effect of using 8 pieces 3 in. x ^ in,, 
spaced in, apart, in place of one solid piece 
3 in. X 1 in. ? 

Messrs. S. W. Melsom and W. E. Beer (in reply ): 
The separation of the cables was not carried much beyond 
12 inches, as this was considered to cover the practical 
range of spacings. The metliod of measurement em¬ 
ployed is capable of a good degree of accuracy, as pointed 
out in the paper. The arrangements for steady tem¬ 
perature require special consideration, but are in no 
way impossible. In the case referred to at the top of 
page 196 in which no difference was observed between 
the heating with alternating current and with direct 
current for a pair of 0 - 6 sq. in. cables the axes of which 
were 12*6 inches apart, this result would be expected 
from theoretical considerations and is in agreement 
witli the observations of other experimenters. Doubt¬ 
less there are small additional losses witli open-circuited 
sheaths, for the reasons given by Mr. Fawssett, but they 
are too small to be detected. Such detection would 
require measurements having an overall accuracy lying 
within J of 1 per cent,. 

We agree with Mr, Fawssett in the matter of the heat- 
flow conditions with alternating- and direct-current 
loadings, and also on his observations with respect to 

p ^ 

effective resistance. The figures given for and — 

all refer to a thermal basis, and the values of effec¬ 
tive resistance to alternating current on a watt basis, 
as usually understood, would be greater than those 
given, owing to the losses in the sheath. These remarks 
apply also to Fig. 6. The substitution of 

pair d.c. loading actual d,c, loading 

singlyd.c. loading theoretical current loading 

in Tables 1, 8, and 10 has been made in accordance with 
Mr. Fawssett's suggestion. 

Referring to Fig. 4 wherein the practical result 
(curve B) is substantially better than the theoretical 
result (curve F), this is all to the good, but it should be 
noted that the mutual heating effect is of great impor¬ 
tance at the usual spacings, and considerably modifies the 
permissible loading, taking into account only the sheath 
losses. In practice the sheath inductive effects, for 
given dimensions of conductors and for a given spacing, 
would be governed largely by the bonding resistance 
introduceTi, and, farther, there is the damping effect 
of the eddy currents in the lead sheaths, which would 
introduce a divergence between measured and calcu¬ 
lated values. As regards^the starting points of the 
proximity or mutual heating-effect curves, the results 
given were those obtained by experiment and the 
difference between the 0-3 and 0-6 sq. in. cable circuits 
is, in any case, not large.. 

Mr, Fawssett refers to Fig. 8, in which the curves for 
a 0 • 1 sq. in, cable system are plotted. As he points out, 
curves E and A are comparable, and they show that 
the presence of iron at the lowest spacing (1*23 in.) de¬ 
creases the permissible current-loading by about 7 per 
VoL. 63. • 


cent. The mutual heating effect is additional to this 
and, referred to the case of a single cable in air, is 97-3 
per cent at 1-23 in. spacing, 99*8 per cent at 3-2 in. 
spacing, and 100 per cent at 7 • 26 in. and greater spacings. 
Thus the actual loading at 1-23 in, spacing with iron 
interposed will be reduced to 89 • 3 per cent of the loading 
of a single cable in air. The latter has been taken as 
standard, for this is the value given for all sizes of cables 
in the Report on the Heating of Buried Cables, whereas 
the rating of a single cable laid against an iron girder 
(which might have been used) has no general meaning. 

We have to thank Mr. Fawssett for drawing atten¬ 
tion to the discrepancies that appeared in Tables 13 
and 14 in tlie advance copies of the paper; these have 
been revised for the Journal, 

Mr. Fawssett has also drawn attention to an ex¬ 
pression a = hl^ which appeared in the advance copies 
of the paper. It arises from the procedure of expressing 
tlie sheath loss in terms of an increased core loss, i.e. the 
total energy loss is compared with the loss arising in 
the conductor only of a cable the section of which is less 
than the actual cross-section. In tlie paper the changes 
in resistance and cross-section are denoted by and 
respectively. For single-core cables l^R = hd^ where 
h is a constant for given conditions of laying and given 
dimensions of cable, and 6 is the temperature-rise of 
the core above the medium in which the cable is disposed. 
Then for cables having tlie same overall lead diameter 
and the same temperature-rise, hQ is constant, and 
small changes in I and R will be given by 

V(5T^) “ V(?) 

If, however, the extreme case is taken (similar to Mr. 
Fawssett's example) where the copper area is increased 
four times, with consequently large changes in the 
emissivity constant, then tlie relation 1 ==:/(a) should 
be employed, the function to be determined from the 
experimental results in the paper, or it may be deduced, 
as Mr. Fawssett has done, from the recent Report on the 
Heating of Buried Cables. The last relation is generally 
true and, to meet Mr. Fawssett-s point, has been substi¬ 
tuted in the paper. This will, however, make no differ¬ 
ence to the method of construction shown in Fig. 14, 
which is simply a geometrical construction corresponding 
to the expression 


Messrs. S. W. Melsom and H. G. Booth (in reply ): 
Mr. Parry draws attention to an apparent discrepancy 
between the values of the heat-emissivity constant 
given in the Buried Cables Report and those deduced 
from the formula. It should be pointed out, in con¬ 
nection with the values of h which appear in the earlier 
Report, that Newton's law of cooling was assumed; 
but as tlie results now given indicate, the assumption 
that the rate of cooling is proportional to the 6/4 power 
of the temperature excess is more nearly correct and 
has been used in deducing the values of h. If this 
assumption be followed, the values of h derived from the 
data quoted in the Journal will be found to be dosely 
in agreement with those deduced from Equation (6). 

14 
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It will also be noticed that tlie ratio of the emissivities 
of bright to black surfaces, as derived from the mean of 
all the results given in the earlier Report, namely 
O’00070 and 0-00107, or 1/163, is almost identi^ 
with that now deduced, namely 1/164. In deducmg 
the values of h the specific heat of copper was taken m 
0-094, which is a fair mean of the specific heat for the 
range of temperature over which the emissivity was 
measured, and is in good agreement with the latest 

determinations. . . . 

In reply to Mr. Carter, the effect on the emissivity 
constant when bars are separated by a distance equal 
to their thickness, wliich occurs when a number of 
strips are interleaved, was not considered, though it is 
hoped to investigate this problem at a later date. 


Meanwhile it would be safest to assume that under these 
conditions the emissivity is approximately equal to that 
of a solid bar having the same girth. Thus in the case 
quoted by Mr. Carter the girth of tlie eight pieces. 
Sin. X iin. would be 2(3 + 1|) = 9f in. This leaves 
out of account the heat emission from the inner surface 
of the interleaved strips, but on the other hand it will 
compensate for the greater temperature-rise experienced 
by the centre strips as compared with the outer ones. 
It is probable that where the strips are painted witli 
bright enamels the actual colours have little effect, 
and the emissivity from surfaces so painted will be very 
nearly the same as tliat from surfaces painted a glossy 
black, which was found to be about 12 per cent higher 
than that from bright metallic surfaces. 


THE LOAD CHARACTERISTIC OF A DYNAMO GIVING CONSTANT 
CURRENT OVER A LARGE RANGE OF SPEED.* 


By J. C. Prescott, M.Eng., Associate Member. 

(Paper first received 1st August, and in final form Z2nd October, 1924.) 


Summary. 

• A grapHcal method of predicting the characteristics of 
a constant-current d 3 mamo, such as the Rosenberg t 
Broltt has been developed and, in the Appendix, the 
formula derived by the late Dr. Kapp§ has been extended 
to determine the maximum current flowing in the short- 
circuited paths of the armature, and the steady value of the 
load current. It is also shown that the maximum value 
of the short-circuit current occurs when the load current 
reaches half its final value. 

Tests carried out in the Laboratories of Applied Elec¬ 
tricity of the University of Liverpool on a non-salient-pole 
machine are cited to show that the constant-current charac¬ 
teristic of the Rosenberg dynamo may be attained without 
the use of slotted or salient poles. 
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Introduction. 


The type of dynamo dealt with in tliis paper is 
designed for train and automobile lighting and will 
supply an almost constant current * to a load of con¬ 
stant resistance over a large range of speed, while the 
polarity of the load brushes is independent of the 
direction of rotation. When, as is usually the case, a 
battery is used, floating on the line, arrangements must 
be made to prevent the battery from being short- 
circuited when the generator speed is very low and the 
voltage, therefore, below the normal; an aluminium 
cell used as a valve is generally placed in series between 
the armature and the battery. The action of the 
generator (Rosenberg type) is as follows:— 

The shunt field (see Fig, 1) produces in the armature an 
E.M.F. between the brushes "a and b." These brushes 
being short-circuited, a current passes in the armature 
conductors and gives rise to a cross field in the line AB 
at right angles to the line of the load brushes CD. 
A voltage therefore appears between ** c ** and ** d ** 
which is, for any given speed, proportional to the cross 
flux due to tlie short-circuit current in the armature. 
The load current in turn produces a flux in the line CD, 
in a direction opposite to that of tlie main fleld. At 
any given speed the short-circuit current must ^be 
proportional to the difference between the flux due to 
the current in the main field winding and that due to 
the load current in the armature conductors. 


Rosenberg dynamo may be designed to give a current variation of 
cent between speeds of 800 add 2 400 r.p.m’. when supplying a load of 


* A 

12 per cent between speeds 
constant resistance, 
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Thus the increase in load current which occurs with 
an increase in speed in an ordinary dynamo, when 
working on a load of constant resistance, is reduced in 
the machine under consideration by an automatic 
weakening of the main field. 



Graphical Predetermination of Characteristics. 

The " speed/load current,” and the ” speed/short- 
circuit current ” curves of tlie Rosenberg machine may 
be determined graphically if the field and armature 
saturation curves are known for some given speed, it being 
assumed that the armature resistance is the total 
% 


load currents and the curves thus obtained 
plotted togetlier with the lines from (2), on the 
axes of speed and load current. The points of 
intersection of the line and the curve thus 
obtained for any given value of the short- 



circuit current give two points on the load- 
current/speed curve, while from the speeds 
corresponding to these intersections and the 
value of the short-circuit current on whose 
curve the intersections occur, the short-circuit- 
current/speed curve may be obtained. 



short-circuit resistance Rg, and the load resistance R/, the 
total turns on the field t, and the total armature turns T. 
The method of predetermination is as follows :— 

(1) The curves connecting field current and speed 

are plotted for various constant values of the 
short-circuit current. 

(2) The straight lines connecting load current and 

speed are plotted for the same constant values 
of the short-circuit current. 

^ (3) The field currents in (1) are reduced to equivalent 


(1) Field current and speed .—^The field saturation 
curve will give the relation between the field current 
and the voltage across the short-circuit brushes (the 
short-circuiting conneijtion being removed). Let this 
curve represent the conditions at a speed of n r.p.m. 
(see Fig. 2). At any given field current OP, the short- 
circuit brush voltage is OQ at speed n, and will be 
{n^]n)OQ at speed n\ The resistance of the path of 
the ^ort-drcuit current being Bg, the curve may be 
made to represent the relation between ^speed and 
* Except in the unique case where the curve is tangential. 
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short-circuit current if the ordinates are divided by S.. 
This curve is shown in Fig. 3 (A). A series of straight 



lines may ^erefore be drawn on the axes of speed and 
short-circuit current, each line representing some 
definite field-current [see Fig. 3 (A)], 


constant short-circuit currents Ii, I 2 , J 3 , etc., jJ, 

®tc., being chosen so as to be numerically 
equal to Ip etc., respectively in Fig. 4. 

(3) Conversion of field current to equivalent armature 
load current, —Curves have now been obtained between 
speed and field current, and between speed and load 
current, for various constant values of the short-circuit 
current. These curves must be combined to give the 
load current/speed characteristic. It has already been 
pointed out that the armature demagnetizing ampere- 
turns produced by the load current directly oppose the 
field ampere-turns (which are constant), the paths of the 
two fiuxes being, of course, identical (neglecting leakage). 
The ordinates of Fig. 4 should therefore be converted to 
represent equivalent load currents, since it is obvious 
that the^ short-circuit E.M.F. could have been produced 
by exciting the armature from the load brushes instead 
of from the field. 

If t sss field turns and T = armature turns, the 



For a field current of a^, the short-drcuit current 
M for a ^ed of n, and is proportional to the speed 
If me fidd is constant. This gives the line a. in (B) 
which passes through the perpendicular erected at n at 
a height of Jj. The lines a^, a,, etc., are determined in 
tne same way. 

From^ these lines a &mily of curves may be obtained 
connecting fidd current and speed for various values 
of short-drcuit current; for. taking any short-drcuit 
current this current may be obtained by o. at 
speed »j, or by a, at speed n,, and so on. The cimves 
are shown in Fig. 4. 

(2) loud cuyy&ni wnd speed, —The armature 

mtnration curve in Fig. 6 may noiv be considered. 
This curve gives the relation between Ihe current in 
ae short-drcuit and the voltage on the load brushes. 
If this voltage be divided by ( 2 J„ + R^) the curve may 
be made to represent the relation between short-circuit 
current and load current. This curve is treated in the 
same way as that between short-circuit current and 
field current in order to obtain a pencil of lines repre¬ 
senting the variation of load current with speed, for 


conversion factor is to/T, where a = number of parallel 
paths in the armature. 
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rest the resultant field in the line of the load brushes 
is 00'. As soon as the speed rises the load current 
flows, demagnetizing armature ampere-turns are intro- 



Th-^ 72>2, 


Speed >«—>- 
Fig. 7. 

duced and the resultant field drops from O' towards 
zero. The short-circuit lines [Fig. 6 (B)] must therefore 


SbiTit fidd 



be drawn from O' downwards, and points of» stability 
occur where these lines cut the curves derived from 
Fig. 4. The load current/speed curve is obtained by j oin- 


instance, the line Js cuts the curve J 3 at points corre¬ 
sponding to speeds and Thus if J 3 is plotted 
against speed, two points on the short-circuit-cur¬ 
rent/speed curve are obtained. This curve has the shape 
shown in Fig. 7. The value at P, being unique, corre¬ 
sponds to the short-circuit current whose line is tangential 
to the curve for that same current. 

The voltage/speed curve can be calculated from tlie 
current curve, since the load resistance is constant. 

BroU machine ,—^The characteristic of the Brolt 
machine (see Fig. 8 ) may be obtained in a similar 
manner, tiiough in this case the conductors producing 
the load voltage are contained in the arcs A, A', and 
those carrying the short-circuit current in the arcs B, B'. 

(2) Test-Results. 

Measurements were made upon a non-salient-pole 
machine having the following particulars :— 

Full-load continuous rating .. .. 25 amperes 

Resistance of short-circuit path .. 0*37 ohm 

Resistance of armature (wave-wound) 0-36 ohm 

No. of poles .. .. .. .. 4 

^ field ampere-turns , ^ 

armature ampere-turns 

The rotor and stator conductors are wound in semi- 
closed slots, tlie stator winding being contained within 
60 per cent of the periphery. The poles are non¬ 
salient and the stator iron is laminated. The predicted 
curves and the curves actually obtained by measure¬ 
ment are given in Fig. 9. It will be seen that above 
300 r.p.m. the current is reasonably constant. The 
distortion of the field on the non-salient poles is prob¬ 
ably responsible for the discrepancy between the 
actual and predicted short-circuit current. Although 
this distortion may affect commutation it is advan- 



Fig. 9. 


tag the points of intersection and is shown in the heavy¬ 
line curve of Fig. 6 . The origin for this curve is O'. 

The shortH^ircuU charaotefistic ,—The short-circuit cur¬ 
rent itself may also be obtained from Fig. 6 . For 


tageous in so far as it prevents the rise of the short- 
circuit current to the theoretical maximum, while the 
characteristic of the original Rosenberg machine with 
salient slotted poles is closely imitated. 
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APPENDIX. 

Mathematical Expressions for Load Current 
AND Short-Circuit Current. 

If JT is the short-circuit current and i the load current, 
we have 

I = K'n {<}> — Kila) .... (1) 

where n = speed in revolutions per minute, 

K' = Zpl{Rs{l(fi X 60)a], 

Z = number of armature conductors, 
p = number of poles, 

a = number of parallel paths in the armature, 

^ = dux per pole due to shunt held (constant). 
Eg = resistance of short-circuit, and 
K — SP'/O • 8 p, /) being the reluctance per pole, of 
the main flux patli and T' the cross- 
magnetizing turns per pole on the 
armature. 

The main current i is directly proportional to the speed 
and to the flux produced by the short-circuit current 
in the armature. 

(2) 


a 


where K" = ZT'pl[a{Ba + X 60)0- 8 p'], p' 

being the reluctance per pole of the path of the short- 
circuit flux Ml the resistance of the load circuit, and 
the armature resistance. 

Combining Equations (1) and (2) we obt^n 


% = 


_ i _ 

al(K"K''nP) + Kfa ‘ 


. . (3) 


Substituting the values for K, K' and K" this expres- 
sion becomes 

. , r/10« X 60 X a\\Ra+RhRA^-^p’) , 2^1 

^-9^ ]_[ ) T' (0-8/))aJ 

If a be the shunt field current and t' the number of 
turns per pole on the shunt field, we obtain 


% = 


at' 


(0-23 X 1020)(i?^-H E^)JK^pp'a® T' 

(ZpnfT a 

Writing T' = Zl{2p) this expression becomes 
at' 

(0-46 X lO^^UBg + Bi)Bepp'a^ Z 

Z^n^ 2pa 


^ = 


(4) 


. (5) 


In order that i may be practically independent of the 
speed (n) the first term in the denominator must be 
small compared with the second. Thus the number 
of turns on the armature must be large, as remarked 
by the late Dr. Kapp, and the speed must be high. 
The product of the reluctances p, p' of the main flux 


path and the short-circuit flux path appears in the 
numerator of tlie first term, and, therefore, both reluc¬ 
tances should be small. The reluctance of the short- 
circuit path may with advantage be kept low, but a 
low reluctance in the path of the main flux, although 
desirable at high speeds, will result in a heavy short- 
circuit current at low speeds when Hie load current is 
small. The short-circuit current at any given ^speed 
is proportional to the resultant main flux, which is 
equal to the difference between the flux due to the 
shunt field and that due to the load current in the 
armature. Thus at low speeds some means must be 
found to reduce the resultant flux. This is achieved 
by arranging that the field-magnet iron when under 
the influence of the shunt ampere-tunis alone is highly 
saturated. In this way the maximum value of the 
shunt flux and, therefore, of tlie short-circuit current 
is kept within safe limits; while, when the machine 
is operating at speeds at which tlie load current is 
sensibly constant; the resultant flux is small and the 
reluctance of the main flux path therefore low. That 
is to say, under operating conditions when supplying 
load current the machine works on the lower part of 
the saturation curve. 

On the assumption that the reluctances of Hie main 
flux path and the short-circuit flux paHi are constant 
over the whole range of speeds, an expression may be 
obtained for the maximum value of the short-jircuit 
current. 

Equations (1) and (2) combined to eliminate n give 


I=:ir 


IK' 




. . ( 0 ) 


Differentiating I with, respect to i and equating to 
zero for the maximum value of tlie former gives 

* 2K 

r 

The limiting value for i is sucli as to make (O — Ki/a) 
s= 0; Hiis occurs when i = a^/iC. Thus the maxi¬ 
mum short-circuit current flows when Hie load current 
has reached one-half of its final value. This approxi¬ 
mation is justified fairly well by the curves in Fig. 0, 
Substituting this value a^l{2K) in Equation (6), the 
maximum value of the short-circuit current is 

1=0- 8-^y |_—g— tP/) j-wyyi_ PP j 

where imax, is the maximum load current 's^uch Hie 
machine is designed to supply. 

In conclusion, the author wishes to express his thanlcs 
to Prof. E. W. Marchant, who has put at his disposal 
apparatus and instruments; to Dr. F. J. Tcago, who has 
helped him with criticism and advice ; and to Mr. J. W. 
Gibson, who has made the actual laboratory measure¬ 
ments. 
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THE PULLING INTO STEP OF A SYNCHRONOUS INDUCTION MOTOR* 


By H. Cotton, H.Sc., Associate Member. 

{Paper first received Marche and in final form 22nd October, 1924.) 


Summary. 

When studpng the phenomenon of the pulling into step of 
a synchronous induction motor from the mathematical point 
of view, it is usually assumed that the synchronizing torque 
is a sinusoidal function of the angular distance between the 
stator and rotor fields. The following research points out 
that this is erroneous for several reasons, the most important 
of which is the efiect of armature reaction. This sets up a 
double-frequency component in the synchronizing torque 
which very considerably modifies the conditions during 
synchronizing. The synchronizing torque of a salient- 
pole motor also possesses a double-frequency component but 
it is produced difierently from that of the iion-salient-polc 
motor. It is shown that the operation of the motor when 
this component is taken into account is amenable to mathe¬ 
matical solution. 

An experimental investigation carried out on a small 
induction motor run as a synchronous motor is also described. 


List of Symbols. 

maximum value of synchronizing torque, in 
pounds-feet; 

Ti =5 load torque, in pounds-feet ; 

Ti ==* induction-motor torque, in pounds-feet ; 

Tn = maximum value of double-frequency synchro¬ 
nizing torque in salient-pole machines ; 

Tg =r= total synchronizing torque = F{d) 

5 “ ^nl^tn » P “ > 

I mr^g in pounds, feet and seconds, unless 
otherwise stated; 
t = time, in seconds ; 
p == number of pole-pairs; 
ct> « slip, in mechanical radians per second ; 
po) = slip, in electrical radians per second ; 

6 = angular distance between the stator and rotor 

fluxes, in electrical radians ; 

0)0 = value of o) when 0 « 0 ; 

6 ’ = synchronous speed, in mechanical radians 
per sec.; 

N = actual speed, in revs, per minute; 

E = applied P.D. per phase; 

W = power developed per phase, in watts; 
w external load on the motor, in watts; 

E « resistance per phase of the stator ; 
a base of Blondel diagram; 
b =: radius of zero power circle in the diagram ; 
c — length of the back E.M.F. vector with constant 
excitation; 

d = length of current vector ; 
r == radius of circle of any power ; 
a base angle of Blondel diagram; 

P = period of phase swing, in seconds. 

* The Papers Committee invite written communications (with a view to 
publication ta Uie Journal if approved by the Committee) on papers published 
m the Journal without being read at a meeting. Cominunications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


The Nature of the Synchronizing Torque. 

The most interesting characteristic of the synchronous 
induction motor is its beha^dour during the transition 
period from induction-motor to synchronous-motor 
running.* This is essentially a dynamical problem, 
and in order to investigate the changes of motion that 
take place during this period it is necessary to establish 
the equation of slip motion of the rotor. Mathematical 
investigations of the slip motion have up to the present 
been made on the assumption that the synchronizing 
torque is proportional to sin 6, the corresponding 
equation being that given by Carr,t namely 


— P^m + 


sin e -h 


Clm 

po) 


dO 1 d^0 . 


This equation is erroneous for tliree reasons. First, 
the motor armature (the stator in most cases) possesses 
appreciable resistance as well as reactance. The eflect 
of this is, as shown on page 212, to displace the curve of 
Tg along the 9 axis without destroying its sinusoidal 
form. Secondly, if the speed at any instant is not 
exactly equal to the synchronous speed the exciting 
winding will be carr 3 dng induced alternating currents 
of low frequency in addition to the direct-current 
excitation. Thirdly, there is tlie eflect of armature 
reaction on the motor back E.M.F. and therefore on 
the synchronizing torque. The effect of the super¬ 
position of direct and induced alternating rotor currents 
is explained as follows : The exciter gives a very low 
voltage, usually of the order of 30 or 40 volts in large 
machines, and its armature resistance is as a result 
very low. The presence of the armature in one phase 
of the rotor circuit will therefore make very litt'e differ¬ 
ence to the distribution of induced alternating currents 
whenever the slip speed is not zero. The rotor flux will 
as a result be a varying and not a constant flux. The 
variations in exciter terminal voltage due to the slowly 
pulsating current flowing through its armature will 
produce additional variations in the exciting current, 
but these will in all probability be negligible. The eflect 
is at present indeterminate because the equation of 
motion, even in the simple form it assumes when the 
rotor direct-current excitation is assumed to be constant, 
cannot be . solved in the general case. 

Consider next the effect of armature resistance. This 
can bo deduced from the Blondel diagram shown in 

* The method of running induction, motors at synchronous speed by intro¬ 
ductory' direct-current e:tcitation into the secondary winding appears to have 
been first suggested by Daniei.son [ E , T ^ Z*t 1001, vol. 22, p* XU66) and used 
for experimental reseatdies by Bragstad and la Cour 1003, vol, 24, 

pp. 84 and 174). 

t “ The Pulhng into Step of an Induction-Type Synchronous Motor,” Journal 
IJSX., 1023, vol. 61, p. 602. The derivation of this equation has been ^ven 
^ the present author in the follovnng: ” Synchronous Motor Operation,” 
Electrician, 1924, vol, 92, p, 220 j ^d ” The Synchronous Induction Motor,” 
World Power, 1024, vol. 1, p. 329, and vol. 2, p. 40, • 
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Fig. 1. In the triangle OAB, the base AB = applied 
P.D. (J^) per phase, and the slant sides OA = OB’ 
= EI(2R), where JR is the armature resistance per phase. 
Circles drawn with centre O are lines of constant power 
utilized. 


then = &®(1 - ni) 

from which it follows that 


cos = 


2bo 


Let W =* power per phase, 

r = radius of power circle for power W. 

Then r = 

With uniform angular velocit}' of the rotor and a constant 
torque the working point P will be fixed. We have from 
the diagram 

PA = stator current, 

PB = motor back E.M.F., 

OAP = angle of lag of the current behind the 
applied P.D. 


26c cos fi — 

or nh -- 7 ^- 

Hence the power utilized is a sinusoidal function of the 
angle j 8 , and therefore of the angle 0. This so far 
agrees mth the reasoning of Lindstrom,* who considers 
a simpler form of diagram than the Blondel diagram. 
But whereas Lindstrom obtains zero power when 0 
is equal to 0 ® or 180®, we see that the angle 0 is finite 
for zero power, its magnitude being then given by 

cos (a - 0 ) = cos j 3 = — when m = 0 


Now suppose that the excitation is constant and that 
the rotor is slipping through whole pole-pitches, then 



the vec'or BP will rotate about B as centre and will 
make one complete revolution for each pair of pole- 
pitches slipped by the rotor. The working point P 
will therefore pass over a whole family of circles of 
constant power. So long as P is above the circle of 
zero power, wrhich passes through the points A and B, 
the machine will motor, but when it is below this circle 
the machine will function as a generator. The angle 
PBA is equal to the angle between the stator and rotor 
fields for any given position of the working point P; 
the angles OAB and OBA are fixed, being equal to a, 
say. Hence for the radius of the power circle for any 
given position of P we have 

r «= OP 

== V(OB2 + pb 2 ... 20B . PB cos OBP) 

= - 26c cos j 8 ) 


_ c 

= a — arc cos — 

a c 

= arc cos ~ — arc cos -7 
26 26 

— 0 when c = a 

Hence the motor only gives zero power when 0 is 
zero in the special case in which the excitation is such 
that the vector c representing the motor back K.M.F. 
is numerically equal to tlie vector a representing the 
applied P.D. In an actual case the base angles of the 
triangle OAB are so very nearly equal to right angles 
that the displacement of the curve of Tg along the axis 
is very small. Experimental results are given on 
page 217. 

The effect of the varying excitation due to the super¬ 
position of the direct and alternating currents in the 
rotor is to modify the motor back E.M.F., the result being 
that the back E.M.F. is not constant but varies with 0, 
This obviously causes the curve of Tg to depaft from 
the sinusoidal form,, since the path of the working 
point P as the motor slips two pole-pitches will no longer 
be trul}'’ circular. 

Consider now the effect of armature reaction. Let 
the various lengths and angles be represented by the 
symbols denoted in Fig. 2. Since tlie magnitude of 
the armature reaction is proportional to the current 
I and tlierefore to the resultant E.M.F., or the vector 
AP of length d in the figure, and its magnetizing or 
demagnetizing effect is proportional to the sine of the 
internal angle of lag (or lead) ^ (or 180 — <l>), we have 
for the back E.M.F. at any instant ^ • 

c ± pi sin 

= c ib si® ^ 

« c ± gd sin ^ ‘f 

where p and g are constants which can be determined 
experimentally for a given machine, Bf the resultant 
E.M.F. per phase, and c the length of the back E.M.F. 


If we put 


m — 


power utilized 
maximum possible power 


* A. Lindstrom 4 “Auto-Synchronous Motors," ElectricUmt 11)28, vol. 01, 
pp. 4 and 84. 

t The cuixont always leads the internal whether the machine is 

motoring or generating, because in the only case that need be considered the 
internal E.M.F. is greater than the applied B.M.P. Hence the minus sign is 
used when the machine is motoring, and the plus sign when it is generating. 
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vector for the given excitation on no load. Hence 
we have 

— 2ad cos (90 — ^) = (c ± gd sin 
' _ 2ai sin tjf = (c ± gd sin <f>)^ 

Put d sin iff X 

^ d cos iff y 

and simplify the diagram by making the angles OAB 
and OBA right angles, which they very nearly are in an 
actual machine. Then 

+ 0?^ + 2/^ — 2ax ^ (c Jtz qd sin cf))^ 

Now ^ = 180 + ^ 0 

— 200? 

= {c ± grd sin (180 + ^ — 6}}^ 

= {c =F g^d (sin iff cos 0 — cos iff sin 0)Y 



Again, to eliminate 9 we have 


tan 0 = 

y 


a — .T 

sin 0 = 

' y 

^ {a^ ~ 2ax -h “h y^) 

cos 0 a= 

a — 05 

^/{a^ — 2aa? + + y^) 


Substituting tliese values we have 

cos ^ X j- 

This reduces to 

{a^ + (1 =F af)«® — 2o»(l T g)} T ffCKB + (1 T 3)y® 

= cy{(i» - a)® + y®} 


Now put 



thus transferring the origin from A to B. 

(1 =F g){a2 + — 2ax} ± qa^ T qctoc + (1 =F q)y^ 

= — «)® + y®} 

{1 T g)X® ± ga® =F aa(X + a) 

+ (i±?)r® = cv'(-x:® + r®) 

^Hr2=F:^x=~y(2:2+r2) 


This is a quartic,* but it can be simplified by converting 
from rectangular to polar co-ordinates. Remembering 
that the angle 0 is the supplement of the angle included 
between the rotating vector BP and the positive direc¬ 
tion of X, we have 

H- r2 = r2 

X — r cos 0 


± 


qa 


r cos 0 =s 


1 

0 ^=^ qa cos 9 

ITq 


Also for the synclxronizing power corresponding to any 
angle we have the perpendicular distance 


T — r sin 0 
_ c sin 0 =F Iqc^ sin 20 


We see from this that the synchronizing power, and 
therefore the synchronizing torque, possesses a double¬ 
frequency component. 

Thus the synchronizing torque is no longer a simple 
sinusoidal function of 0, the extent of its departure 
from this form depending upon the magnitude of the 
constant q. When q is zero we have r = c, the locus 
of P tlien being the circumference of a circle with centre 
B and radius equal to the constant motor back E.M.F. 
An actual experimental case is considered below. If 
we take the eifect of armature reaction into account and 
put 

Ts - F(0) 


where jP is a function which can be determined either 
by experiment or from the design data of tlxe motor, 
then 


^pT^ + F(0) 


pT,n d0 I dW 
poj dt p dfi 


0 


The direct solution of either the approximate or the 
more exact form of the equation appears to be impossible, 
so that it is necessary to consider a special case and make 
use of a step-by-step solution. 


Experimental Investigation. 

The whole of the experimental work given in this 
section of the paper refers to the case of a plain induction 

* A somewhat similar problem relating to a salient*pole macbine is discussed 
by £. B. Shand {EleUric Journal, 1931 vol. 18, p. 909), who obta&s an elliptic 
locus. 
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motor synchronized by switching direct current on to 
the rotor. The specification of this motor is as follows :— 

Number of poles .4 

Horse-power .. .. • • • • 2 ® 

Voltage . 

Frequency .50 

It would have been preferable to have performed the 
experiments on a larger machine, but unfortunately one 
was not available. The small size of the machine 
introduced many difficulties which in all probability 
would not have existed with a larger machine. 

Moment of inertia of ilia rotor. —The rotor was drawn, 
and its moment of inertia determined from its time of 
oscillation in a bifilar suspension was 

I = 4-32 in ft.-lb. units, or 0*182 in metre-kg units. 

Retarding torque. —In the experiment conducted to 



independent supplies, one of them of normal frequency 
and the other with a frequency greater than normal. 
The motor was run up to full speed on the high-frequency 
supply and the switch was suddenly thrown over on to 
the normal-frequency supply. At the same instant 
the rotor circuit was opened. The stroboscopic disc 
was illuminated by means of an arc lamp, the light being 
rendered intermittent by causing it to pass tlirough slits 
in the periphery of a cardboard disc mounted on the 
shaft of the alternator giving the normal-frequency 
supply.* The arrangement of the test is shown in 
Fig. 3. 

The S 3 mchronous speed of the rotor was 1 500 r.p.m. 
The slip speed when running on the small frictional 
load as a plain induction motor was 38 r.p.m. The 
percentage slip was therefore 2*53, and the mean of 



determine the changes of slip motion during the process 
of sjmchronizing, the motor was run on a small frictional 
load. The retarding torque at any instant was therefore 
that due to the iron and total friction losses at that 
instant. Since the speed of the motor is raised from 
i8(l — a) to 8 during the process of S 5 mclironi 2 ing, the 
torque corresponding to the mean speed ^(1 — ^a) 
was used in calculating the value of p in the equation 
of motion. The loss was determined by the retardation 
method, using a stroboscopic disc of the pattern devised 
by Robertson. Since the slowing down was very rapid 
the time was determined by means of a chronograph 
time marked at 1-second intervals by a seconds pendulum 
as suggested in an article published * by the author. 
The losses occurring at a speed greater than the normal 
induction motor speed were required, and it was there¬ 
fore necessary to arrange for the motor to run down 
through synchronous speed. This was done by placing 
a three-pole double-throw switch in the stator circuit 
so that the statcu: could be switched on to either of two 

* '* The negation Method of Detemaining the Losses in Electrical Machines,’* 
im, %1.11, p. 128. 


the induction motor speed and synchronous speed was 
1 481 r.p.m. The rate of deceleration at this speed 

dN 

= 122 r.p.m. per sec. 
dt 

N = 1 481 r.p.m. 

Hence the load on the motor at the mean speed 

dN 

w = 0*010912V“ 

dt r c 

= 362 watts 

The corresponding retarding torque in Ib.-ft. units is 
^ 33 000 

=s — -. — V 4/) 

^ 27r X 1 481 X 746 

« l*7251b.-ft. units. 

Pull-out torque when operating as a synchronous motor .— 
The pull-out torque was determined as follows. 
The stroboscopic disc on the motor shaftwas illuminated 

* This method of illuminatioii gives a beaatiliiny clear and steady pattern and' 
is much superior to.the Bruckmann method {EleUrimn, 1911, vol. 67, p. 890). 



A SYNCHRONOUS INDUCTION MOTOR, 


215 


intermittently by means of the slotted disc on the 
alternator shaft, as shown in Fig. 3. Direct current 
was switched on to the rotor circuit and the motor 
pulled into step, the pattern on the disc becoming 
stationary. The direct-current rotor excitation was 
kept at 10 amperes for tlie experimental work. A scale 
graduated in electrical degrees was placed just behind 
the stroboscopic disc and it was thus possible to read 
off the position of any one point on the pattern. The 
motor was then loaded by means of a band brake and 
the angular position of tlie pattern was read off for 
different values of the retarding torque. The load 
was gradually increased until the pattern began to be 
unsteady, indicating that the pull-out torque was very 
nearly reached. The load was then very gradually 
increased by hand, but no additional spring-balance 
readings were taken, and the maximum displacement of 
the pattern prior to the motor falling out of step was 
noted. The success of a test of this kind depends 
entirely upon the clearness and steadiness of the pattern 
on the disc. With the method of illumination pre- 

Table 1. 


(Load torque — 1 • 725 Ib.-ft. 

s=: 74 02 . acting at 4J in. radius) 
Diameter of pulley for load test 9 in. 


Ext^al load. 
PilTerenco ol spring- 
balance readings 

Total load 

Position of pattern 


oz. 

74 


40 

114 


50 

124 


84 

158 


109 

183 

106 

125 

199 

100 

152 

226 

91 

lU 

238 

85 

Pulled out at 


76 


viously described the pattern was almost as distinct as 
when stationary, flickering taking place only when the 
position of instability was nearly reached. 

The results of this test are given in Table 1 and plotted 
in Fig. 4. The friction-loss torque as determined by 
the running-down test was added to the torque due to the 
brake, and by producing the curve to cut ihe horizontal 
axis the position of the pattern for zero retarding torque 
was fount!? At this position the poles of the stator 
and rotor fields were exactly in line and therefore the 
angle d in the equation of motion was zero. This 
point was therefore the zero for the angle $ and was used 
as such in the synchronizing tests. 

From the curve we see that 

« 6-04 Ib.-ft. (258 oz. at 4j in. radius) 

But Ti «= 1*725 Ib.-ft. (74 oz. at 4j in. radius) 
hence p = =0*286 

The variation of synchronizing torque with the angle 
8 .—^It has been shown previously that the expression 


Tg = sin 0 is only approximate, and it is desirable 
to know what degree of error is involved in the 
assumption. 

It was necessary to adopt an analjdical method, 
making use of the Blondel diagram. In order that the 

Table 2. 


(1) Open-Circuit Test at 1 500 r,p,m. 


Excitation 

Terminal E JbLF. 


amps. 

volts 



15 

222*2 



14 

218*6 



13 

214*0 



12 

209*4 



11 

203*3 



10 

196*0 



9 

187*8 



8 

181*5 



7 

169-5 



6 

157*2 



6 

138*6 



4 

122*2 



3 

96*3 



2 

66*2 



1 

36*9 


(2) Short-Circuit Test, 

Excitation | 

Aram. 1 

Amm. 2 

Mean 

amps. 

amps. 

amps. 

amps. 

16*7 

4*76 

4*8 

4-78 

14*4 

4*23 

4*28 

4*26 

12*0 

3*68 

3*65 

3*62 


3*0 

3*0 

3*0 

816 

2*34 

2*35 

2*35 

6*8 

1*73 

1*77 

1*76 

4*1 

1*17 

1*18 

1*18 

2*9 

0*86 

0*90 

0*88 

(3) Wattless-Current Test at Con- 


slant Current of 3 amperes. 


Excitation 

Terminal P.D. 


amps* 

volts 



10 

— 



11*7 

29 



13 

39-6 



14 

60 



16-6 

62 



construction of this diagram may be possible, the stator 
resistance and synchronous impedance when the motor 
is functioning as a S3nichronous motor must be deter¬ 
mined. The stator resistance R was 1 * 25 ohms per phase. 
The synchronous impedance was found boi3i by the 
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short-circuit (Behn-Eschenberg) method, and by the watt¬ 
less current method. The motor was belt-driven and 
run as a synchronous alternator at 1 600 r.p.m., and the 
rotor was excited from a battery, the range of excita¬ 
tion being from 0 to 16 amperes. Because of the mag¬ 
netic wealcness of the field system (rotor) as compared 
with the stator—due to the small air-gap and the com¬ 
paratively small number of rotor turns—^it was necessary 
to make an allowance for the armature reaction. This 
was determined by putting the machine on a choker 
load while running as an alternator. The current was 
kept constant during this test, and was adjusted to be 
equal to the short-circuit current corresponding to an 
excitation of 10 amperes (the excitation used in the 
s)nichronous motor tests). The experimental results 



for these tests are given in Table 2 and are plotted in 
Fig. 6. The open-circuit and short-circuit results 
give very smooth curves, but that for tlie wattless- 
current characteristic is rather irregular. This is prob¬ 
ably due to the fact that the belt fastener caused the 
instrument needles to oscillate much more violently 
during the wattless-current test than in the other tests. 
It will be noticed that these characteristics are very 
difierent from those of a salient-pole alternator because 
the relative magnetic importance of the armature and 
field is reversed. This is shown by the fact that the 
short-circuit current with a rotor excitation equal to 
the rotor full-load current was less than the normal 
full-load current. 

The terminal voltage on wattless current with 10 
ainperes excitation was 60, the corresponding point 


being L in Fig. 6. By the ordinary Potier construction 
tlie triangle TUL was obtained, thus giving 

Demagnetizing armature reaction, equivalent to LV, 
i.e. to 6 • 25 amperes excitation. 

Reactance voltage per phase, TV = 128 volts. 

Armature current = 3 amperes. 

Impedance per phase, Z = 128/3 = 42*7 phms.. 

In applying the Behn-Eschenberg method we have 
for the resultant excitation, after deducting that due 
to armature reaction, 


ON = 10 - 6-26 

3*76 amperes. 

Corresponding induced voltage per phase 
SN == 115 volts. 

Short-circuit current with 10 amperes excitation 
=: 3 amperes. 

.*. Syncluronous impedance per phase 
= 116/3 = 38*3 ohms. 

Thus the wattless-current method gave a greater 
impedance than the Behn-Eschenberg method, the 
reverse of what is usually found. The reason for this 
is that owing to the high armature impedance |md the 
very great demagnetizing effect of the armature reaction 
it was not necessary to apply a reduced excitation when 
determining the short-circuit characteristic. In fact, 
as explained above, a current equal to the normal 
current could only be obtained by applying a consider¬ 
ably increased excitation. It is therefore reasonable to 
expect the wattless-current method to give the greater 
synchronous impedance in this case. 

In calculating the Blondel diagram the mean value 
of the synchronous impedance was taken, namely, 
-Zr =! 40-6 ohms. r 

The normal applied stator voltage was 245 V at the 
terminals and therefore 143 V per phase. The base 
line AB of the Blondel diagram (Fig. 1) is therefore 
made proportional to 143. The base angles of the 
triangle BOA are each 88® 14'. 

The hypotenuse has a length 


OB = 143 



= 2 310 


Now the maximum possible power per phasfi is given 
by 

^ 

42J~ 6 

= 4 100 watts 

Hence the maximum possible power for three phases 
= 12 300 watts 

The corresponding power circle is the circle of centre 
O and of zero radius, namely the point O. 

Now, from the figure, the motor back E.M.F. per 
phase with 10 amperes excitation and zero armature 
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reaction is 196 volts. Hence the radius of the circle 
of maximum power developed with this excitation, 
namely the maximum power of the motor, is 

r = 2 310 - 196 
= 2 114 

Hence if w is the ratio between this power and the 
maximuih possible power of 12 300 watts we have 

2 114 == 2 310V'(1 - 
tlierefore 0*163 



Hence maximum power developed with 10 amperes 
excitation 

« 0*163 X 12 300 
= 2 000 watts 

=5 2*68 h.p. 

The pull-out torque of the motor is therefore 

2*68 X 33 000 
” 2 X 1 600 

« • =9*4 Ib.-ft. or 113 Ib.-in, 

This is considerably greater than the experimentally 
determined value of 72*6 Ib.-in., but it is obvious that 
with such a small machine and with such unusual 
conditions for the determination of the synchronous 
impedance and armature / reaction, close agreement is 
impossible. In addition the correction for armature 
reaction has yet to be a.pplied. In determining the 
changes taking place during the process of s 3 mchronizing, 
the experimentally observed value of was therefore 
used, but in the investigation of the deviation of 
from the assumed sinusoidal. form the value given by 


the Blondel diagram was used because the theory of 
the method is based on the diagram. 

The radii of the circles of constant power W are given 
by the expression 

r = 2 SlOVCl - lf^^/12 300) 

« 2 310(1 - TF/24 600) approx., 

when m is small. Thus when the excitation is such 
that the maximum power developed by the motor is 
a small fraction of the maximum possible power, the 
circles of constant power for the range of working of 
the motor are spaced equidistantly. 

When the power developed is 2 000 watts we have 
seen that the radius of the power circle is 2 114. The 
radius of the circle of maximum power in the generating 
region of the diagram is 

2 310 + 196 = 2 506 
for which the corresponding power is 
TF == 2 200 watts. 



If the- motor slips two pole-pitches the back E.M.F. 
vector will make one complete revolution and its 
extremity will fall in turn on to each of the circles 
of constant power within the working range. The back 
E.M.F. vector is drawn in the enlarged diagram in 
Fig. 6 at intervals of SO'*, and the power is plotted as a 
function of $ in Fig. 7. This curve gives the variation 
of power and therefore of synchronizing torque on the 
assumption that the armature reaction can be neglected. 
It has been shown on page 212 that it is a sinusoidal 
function of 0, and also, since the base angle of the 
triangle AOB is nearly 90®, its displacement from the 
curve of sin 0 is very small. We have seen that 
the armature reaction cannot be neglected and it ^ 
therefore necessary to make a correction for it. This 
correction is applied as follows. The vector AP 
measured on the voltage scale gives the^ resultant 
E.M.F. in the armature circuit. Hence it is pro¬ 
portional to the armature current. Now“ the 
demagnetizing effect of the armature reaction for 
a current of 3 amperes lagging approximately 90® was 
found from the wattless-current test to be equivalent 
to 6*26 amperes of excitation. Hence ?for any 
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armature current I with an internal angle of lag ^ 
we have:— 

Kxcitation equivalent to the armature reaction 

«= X 6*25 sin^ 

= 2*081 sin (f> 


The Y co-ordinate of any point on the locus is given by 


or 


OY== 


c sin 0 ± \qa sin 20 

STg 


=: 146 sin 0 -I- 18* 1 sin 20 
297sin 0 — 36*8 sin 20 


In Fig. 8 a portion of the open-circuit characteristic 
in the neighbourhood of an excitation of 10 amperes 
is drawn. The mean value of the excitation during one 
whole revolution of phase-swing was 10 amperes in the 
experiments, and from the construction we see that a 
variation of excitation of 2*08 amperes about the mean 
value (10 amperes) was equivalent to an induced voltage 
of 14 *6. The mean value of the induced voltage was 
196 volts. 

Expressing by the resultant E.M.F. per phase we 
have for the current per phase 




d 



Fig. 8. 


Now a perpendicular distance of 196 volts coipresponds 
to a torque of 9*421b.-ft. using the Blondel diagram. 
Hence the corrected expression for the synchronizing 
torque in terms of the angle 0 is, when functioning as a 
motor, 

9.4.2 

= ^^(14:6 sin 0 -h 18-1 sin 20) 

= 7 sin 0 + 0*87 sin 20 
This is compared with the sinusoidal form 
= 9*42 sin 0 

in Fig. 7, and it is obvious tliat there is a very consider¬ 
able difference between the actual values of the synchro¬ 
nizing torque and those usually assumed. From the 
equation for Tg we have 

=5 7 cos 0 H- 1*74 cos 20 
wj 

= 0 and corresponds to a maximum when 
cos 0 = 0*23 

or 0 = 76*5® (approx.) ^ 

If the synchronizing torque were a sinusoidal function 
of the angle the motor should fall out of step when the 
load has increased to such an extent that 0 is equal 
to 90®. It is well known that a displacement of 90® is 
never attained. In the case of the 2-h.p. motor under 
test the displacement was 65® (see Fig. 4). The maximum 
value of the synchronizing torque from the Blondel 
diagram corrected for armature reaction is 


The armature reaction was therefore equivalent to 
a voltage of 

X 14*6 sin ^ = 0*34d sin <[> 

from which we see that for the value of the constant 
q in the equation for the back E.M.F. per phase 

« c ± g sin ^ 

we have g = 0*34. 

Hence for the polar equation to the locus of the 
extremity of the back E.M.F. vector we have 

c ± cos 0 
l±q 

Now c = 196; a = 143 ; and g = 0*34 . 

_ 196 ± 48*5 COS0 
’’ 1 ±0-34 

= 146 + 36-2 cos 

or 297 — 73*6 cos 0 

This is plotted in Fig. 6, the circle of radius C = 196 
being dr^wn for comparison. 


7 sin 76*5®-f 0*87 sin 153® 

;= 7*21b.-ft. 

This is in reasonable agreement with the experimentally 
observed value of 6*04. 

Phase-swinging subsequent to the excitation of the 
rotor ,—In previous experimental investigations of the 
variations in current and in speed which talce place 
immediately after the direct-current excitation has been 
switched on to the rotor, some idea of the rotor position 
has been obtained from the position of the pointer of 
the ammeter in tlie rotor circuit. A complete record of 
changes corresponding to switching in at equal to 
0, 20,40, 60, etc., up to 360 electrical degrees was required 
for the present investigation. The stroboscopic method 
was therefore used, the excitation, being switched on at 
the moment the pattern on the disc coincided with a 
division on the scale. Because of the fairly rapid move-* 
ment of the pattern it was practically impossible to 
manipulate an ordinary throw-over switch sufficiently 
quickly. A special quick-change switch was therefore 
made by placing a second row of contacts at an angular 
distance of about 30® from the contacts of an ordinary 
slow-break three-pole switch. When breaking with one 
set of contacts the blades were about l^in. from the 
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second set, the result being that a very quick change¬ 
over could be made and the excitation switched on 
without much appreciable time-lag. 

The variations in rotor current are given in the 
oscillograms of Fig. 9 and show very clearly how the 
correct moment for excitation depends upon the angle 0. 

The variations in speed were next determined. In 
the case* of a large machine having its own exciter the 


coupled to it, and therefore after much experiment the 
following method was adopted :— 

A german-silver disc keyed to the induction-motor 
shaft rotated between the poles of an electro¬ 
magnet, and two flexible brass clips were used as 
collectors. On running at 1 600 r.p.m. an E.M.F. of 
about 200 millivolts was obtained, the E.M.F. corre¬ 
sponding to slip speed being therefore in the neighbour- 



obvious method is to excite the exciter separately and 
use it as a sp^ed indicator, neutralizing the voltage 
induced in its armature when ruiming uniformly at full 
induction-motor speed. The oscillograph then gives 
the variations of speed only. This method is certainly 
the most convenient but it suffers from the disadvantage 
that since the exciters are very low-voltage machines 
they have a very pronounced commutator ripple which 
somewhat impairs the clearness of the curve of speed 
variation. The machine under test had no d.c. machine 


hood of 6 millivolts. When running steadily the 
E.M.F. was balanced out by a potentiometer slide, tlius 
leaving the small E.M.F. due to the variations in slip 
to operate the oscillograph. This E.M.F. was magnified 
by a thermionic valve (Marconi-Osram type LS 2) 
which was worked with a plate potential of 400 volts 
and a filament current of 1*3 amperes. Since the 
frequency of the variations was so v^ry low, transformers 
were not used. The amplifying circuit is shown in 
Fig, 10. When it was found that the valve •acted in a 
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satisfactory manner as an amplifier the characteristic 
was determined in ord^ to ensure that it was worked 
on the straight portion, thus producing no appreciable 
distortion. 

The slip curves in Fig, 11 show'two sets of ripples due 
to the following causes. First, there is a comparatively 
low-frequency ripple due to a slight wobble in the 
rotating disc; and secondly a .high-frequency ripple 


the two horizontal portions on the curves is equal to 
the slip speed of 38 r.p.m., the curves are automatically, 
calibrated for speed. Time marking was effected by 
sending through the second vibrator a very small 
alternating current whose frequency was 46 cycles 
per second. 

The above method has the advantage that it liberates 
the exciter (in the case of a conamercial machine) to 



due to variations in plate voltage. This was a commu¬ 
tator ripple on the voltage of a d.c. generator used for 
this purpose as a battery of sufficiently high voltage 
was not available. It will be seen that it is possible to 
eliminate these ripples, and the author believes that this 
is the only method by which the speed variations can 
be determined experimentally in the form of smooth 
curves. The amplitude was not very large and therefore 
the mirror giving the zero line was put out of action 
in order to^ avoid confusion. Since the distance between 


carry out its proper function. This is desirable since, 
as pointed out on page 224, the variations of exciter 
voltage must have some influence on the conditions of 
pulling into step, especially for those values of 9 for which 
the chances of s 3 mchronizing or not are almost equal. 

The period of whole revolutions of slip ,—^The equation 
of motion for no-load conditions is 

0 + ^sm0 = O 




A SYNCHRONOUS INDUCTION MOTOR. 


221 


assuming 
tions is 


sin 6, and the period for small oscilla- 


maximum value of o}q is about 6 • 75 mechanical radians 
per sec. 


P 



= 13*5 electrical radians per sec. 
Tffi = 6*04 Ib.-ft.; p s== 2 and ^ 32 


Comparing this with the period for a simple pendulum 

we have for the length of the equivalent simple 
pendulum 



In the case of the simple pendulum, if the angular 
velocity when the position 0 =s 0 is greater than 
2'v/(%) the pendulum will make complete revolutions. 
Supposing that the angular velocity in this position is 
num^cally equal to the velocity attained by falling 



}o$cffloi 


graph 


freely from a height 2A(>22!), then the period of a revolu¬ 
tion* will be 


P 




/1.3.6\*P 'I* 

+ • •'I 

In the case of the motor we have for the height 2h from 
which a linear velocity numerically equal to will 

be attained (the radius of the disc in the mechanical 
model t being unity), 

= ^gh 
4jf 

Hence for the period of one revolution we have 


P ='77 -|- 




{i + (i)* 


(^!)( 




...} 

From the speed curves of Fig. 11 we see that the 

* See Greenhill’s " Elliptic Functions,** p. 19, 
t Cars, loc, cit» 

i In this equation coo has the dimensions 

VoL. 63. , • 



Variations in slip 

0° 
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• 
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.. 

Time 
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Fig. 11. 


Hence 


2lg 


«= 0*054 


whCTe I is in ft.-lb.-sec. units, and is in Ib.-ft., 

and " 3 = 0-26 

P = 7r;< 0-064{l + ix 0-26+ VWx (0-26)2+ _ y 
= 0-182 second. -» 


15 
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The curve of current variations corresponding to 
0 — 80® is the longest record and from it we see that 
after the first two or three revolutions, when the motor 
has settled down, the time of a revolution is 0-25 
second. This is the period for a revolution with the 
motor loaded, whereas the calculation refers to no-load 
conditions. There is sufficient agreement to show that 
some idea of the order of the period can be obtained by 
calculation. This appears to have a very important 
practical application. Suppose that a synchronous 
induction motor is working from the same supply as 
a number of salient-pole synchronous motors or rotary 
converters. If the load on the motor is increased to 
such a point that the motor falls out of synchronism and 
is not immediately disconnected from the system, current 
surges of definite frequency will be set up. These 
surges will produce forced oscillations in the other 
synchronous machines, and if the frequency is of the 
same order as the natural frequency of oscillation of 
these machines they will fall out of step. Furthermore, 
the time required to bring this about may not be more 
than a few seconds. The property which the synchro¬ 
nous induction motor possesses of continuing to run 



under overload conditions may therefore be a disadvan¬ 
tage in such circumstances. 

The limiting value of T^n synchroniz^g.—ThQ 
formulas developed by Carr * and B6hm f axe based on 
the assumption that the work done by what Carr calls 
the net oscillating torque acting over the angular 
distance — (2ir — \) to + $ q , i.e. a whole revolution 
of slip, is equal to the work done in accelerating the 
moving masses. 6^ is the angular position of unstable 
equilibrium with the motor loaded, its position being 
defined by the intersection in the third quadrant of 
the curves of Ti and (see Fig. 12). 

The synchroni/ing torque is therefore assumed to 
exist over the whole of this angular distance, or, in 
other words, the excitation is assumed to be switched 
on at the angular position — (27r — Aq). This method 
of calculation is based on the worst possible conditions 
for synchronizing, such conditions never existing in 
practice because it is not a difficult matter to switch 
on the excitation in the neighbourhood of the position 
^ 0, i.e. the best position for synchronizing. It 

follows that if the exciter capacity is calculated from 

• L. H. A. Carr : JourtuxX LEM., 1922, vol. 00, p, 1C3; and 192S, vol. Cl, 

G92« A 

to. B8h1 ; ES.Z., 1922, vol, d3, p. 


the formulae developed on the above assumption it will 
be considerably larger than is required in actual practice 
Again, the formula given by Carr is based on an artificial 
value for the angular velocity at the position = 0. 
This does not appear to be justifiable, because the 
angular velocity at the instant of switching on the 
excitation is the ordinary induction motor slip velocity 
and is therefore known if the magnitude of^the load 
torque Ti is known. The criterion is the true induction- 
motor slip angular yelocity and not the velocity given 
by a special solution of the differential equation of 
motion. 

It therefore appears to be more logical to make the 
calculation on the assumption that the excitation is 
switched on at the angular position 0 = 0, and also to 
make use of the ordinary slip angular velocity. This 
method will obviously give the minimum exciter capacity 
which will enable the motor just to synchronize if the 
excitation is switched on in the best position. 

The slip angular velocity must become zero by the 
time 6 becomes equal to 6^. Let the slip veloci^ 
corresponding to tlie load Ti be Then the slip 
velocity in electrical radians per second is pcoi and the 
work done in accelerating the moving masses is 

The work done against the load torque is obviously 
T^q, so tliat the total work done by the sum of the 
synchronous and induction-motor torques acting from 

= 0 to 0 = 00 is 

§ . + Tfi, 

When the slip velocity just becomes zero at the position 
00 the author has found that the slip curve as deter¬ 
mined by the step-by-step method is very nearly an 
ellipse. Since the induction-motor torque is propor¬ 
tional to the slip, this torque can therefore b8 taken as 
represented by an ellipse whose semi-axes are 00 and T;. 
Both s5mchronizmg torque and induction-motor torque 
are positive over the range considered, so that the work 
done by the net oscillating torque (assuming the 
sinusoidal form for T^) is 

sin Odd -f 
Jo 

Hence 

r„,(l - cos $q) + == J +^“3'A 

.\ctually the area enclosed by the curve of Ti is rather 
less than that of a quadrant of an ellipse, so that we 
can substitute as a fair approximation | instead of 
Jtt for the coefficient of TiOq.* We then have 

2’in(l - cos ^o) ~ ^ 

or Tm{l — cos 0o) — 0-2rtpTA ~ ^ 

Jr 

♦ The ratio of the area enclosed by curve A (Fig. 12) to that of a qujwler ellipse 
with equal sembaxes, is almost exactly 3 to ir. 




A SYNCHRONOUS INDUCTION MOTOR. 


223 


Now sin Oq = p, and is in the second quadrant. 
Hence cos = - ^{I - p2) 

••• + V'l - p2) _ 0-25pdo} = J 

or 2’„ ___ 

, ^ 2{M. V(1 - p2) - O-25p0o} 

We see from the form of this expression that since p is 
alwa 3 ^s less than unity it is C 2 uite unnecessary to make 
any very elaborate calculation in order to determine more 
exactly the work done by the induction-motor torque. 

In the case of the 2-h.p. motor we have I = 0*13o ; 
;> = 2 ; 0 )^ = 3*98 radians per sec.; p = 0*286 ; and 
therefore = 2*85 radians. Hence the necessary value 
of Tffi for the motor just to synchronize when the excita¬ 
tion is switched on at the most favourable moment is 
1 • 23 Ib.-ft. By plotting the slip curves for different 
assumed values of p and using the experimentally 
determined data it was found that tlie motor just 
synchronized for p in the neighbourhood of 0*7 when 


6 =+ 6^. This is contrary to what actually takes 
place, because at the moment of switching on the direct- 
current excitation o) will be equal to coi, no matter 
what the angular position of the rotor may be. The 
velocity cu/ is a function of p, as it should be, but in 
Mr. Carr's expression the co used bears no relation to p. 

Graphical determination of the operation of the motor. 
—Assuming a sinusoidal form for the s 3 mchronizing 
torque, the equation of slip motion is 


- sin ^ ^ +1 • 


or say 


o + 6sin0 + c^ + d^ = 0 


For the 2-h.p. motor o = — p = — 0*286 ; 6 = 1*0 
c = 0*036; ci = 0*012. A step-by-step solution was 
adopted. 

Since it was required to determine the positions of 
switching on the d.c. excitation for which the motor 
would S3nichronize under actual working conditions, the 



the excitation was switched on at tlie position 0 = 0. 
Using this value of p in the above expression for 
we have 


Therefore = 2 * 3 7 radians. 

Hence =8*0 Ib.-ft. 

This is'^as near to the actual value of 0*04 Ib.-ft. as 
can reasonably be expected for such a small motor. 
Since the above method of determining gives the 
least value for which it is possible for the motor to 
synchronize, even under the most favourable conditions 
of switching in, wliile the methods of other investiga¬ 
tions give the maximum value of 2’,^ required for the 
worst conditions, a good value of the necessary exciter 
capacity is obtained from these two extreme cases. 

There is one other criticLsm of Mr. Carr's method of 
calculating the limiting value of i.e. in determining 
the value of co used in his expression the angular velocity 
is assumed to be zero both at 0 = — (27r — 0 q) and at 


experimentally determined values of p and co (the initial 
slip) were used. The curves obtained are shown in 
Fig. 13. It will be noticed that each curve has an 
initial ordinate of 7*96 electrical radians per second 
and that the commencing points A, B, C, D, etc., 
correspond to the angular positions of the rotor, 0^ 20®, 
40®, 60®, etc., at which the d.c. excitation was switched 
on. The effect of the synchronizing torque immediately 
after switching on is very clearly indicated by the 
initial gradients of the various curves. With 0 = 0 tlie 
initial component 2^ sin 0 of the synchronizing torque 
is zero, the curve therefore being at first horizontal, 
As 0 is increased up to 90®, sin 0 increases and is in 
a direction opposed to the slip, the curves therefore 
having a gradually increasing initial negative gradient. 
From 90® to 180® this initial gradient gradually reduces 
to zero again. Similar changes in initial gradient occur 
for the various switching positions between 180® and 
360®, except that in this case sin 0 is negative, 
i.e. in the same direction as the slip, the initial gradients 
tlrerefore being positive. ^ 

According to the curves tlie angular velocity for 
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switching positions of 0°, 20®, >0°, 60®, 80® and 100® 
becomes zero before the displacement attains that corre¬ 
sponding to unstable equilibrium, 163 *6® in this case. 
Hence the motor should synchronize. When switching- 
in occurs at 120® the motor just fails to synchronize in 
the first swing, the rotor therefore passing the critical 
position of 163*5® with gradually increasing velocity. 
In order to cut down the tedious step-by-step method 
of calculation to a minimum, a value of the initial slip 
when passing the position 0 = 0 was found for which 
the motor would just synchronize, i.e. for which the 
angular velocity at 0 = 163*5® was zero. Tliis was 
19*97 electrical radians per second. Knowing this 
critical value at 0 = 0® (or vi x 360°) it is only necessary 
to calculate the various curves as far as the position 
0 = 360®. If the angular velocity at 360® is less than 
this critical value, the motor will synchronize; if 
greater it will not synchronize. It will be seen from 
the curves that in every case the angular velocity at 
360® is less than 19*97 electrical radians, from which 
if follows that the motor should synchronize no matter 
where the excitation is switched on. This is, of course, 
contrary to the experimental evidence and shows very 
conclusively that the generally accepted equation of 
motion is not correct. In Fig. 13 the curve corresponding 
to the switching position 0 = 120® is continued as a 
dotted line beyond the position 0 = 360®. 

Comparing the theoretical with the actual behaviour 
of the motor, we see tliat the conditions for synchronizing 
in the actual case are much more severe than in the 
theoretical case. The difference is undoubtedly due to 
the effect of armature reaction on tlie form of the 
synchronizing torque. It wDl be seen from Fig. 13 
that the naost important curve in the family is that 
corresponding to the switching-on of tlie excitation 
when 0 = 120®, since this curve very nearly meets the 
0 axis at the position of unstable equilibrium. This 
curve has therefore been re-drawn, as shown by the 
chain-dotted curve, on the assumption that the 
synchronizing torque is modified by armature reaction 
so that it varies with 0 as indicated by Fig. *7. Up 
to 0 = 180® there is very little difference between this 
curve and the original curve G, but beyond 180° the 
new curve rises very rapidly, the angular velocity at 
0 = 360° being now 23 electrical radians per second. 
It was found by trial and error that the maximum 
possible velocity at 0 = 0 (or n x 360®) for the motor 
just to synchronize was 19*97. This shows that the 
effect of armature reaction is sufficient to explain 
the difference between the actual behaviour and the 
theoretical behaviour on the assumption that the 
synchronizing torque is a sinusoidal function of 0. 
The same correction applied to the group of curves G, 
H, I, J, K and L, brings them also above the criticsd 
value of 19*97 at 0 = 360®, thus bringing the theoreti¬ 
cally determined operation of the motor into reasonably 
close agreement with the actual performance on test. 

Conclusion. 

The^ comparison of the theoretical and experimental 
investigations indicates that the conditions of operation 
of a synchronized induction motor during the process 
of puUing^into synchronism are much more severe than 


they are generally taken to be. Owing to the magnetic 
weakness of the rotor and the very small air-gap used, 
the effect of armature reaction is enormousty greater 
than in the case of the salient-pole synchronous motor. 
It is probable that in a commercial motor the effect 
will not be so great as in the small motor used in the 
experimental work, because the excitation was pur¬ 
posely kept at a low value throughout. This naturally 
gave a very weak field, the result being an exaggerated 
distortion of the curve of synchronizing torque. In an 
actual case the distortion will undoubtedly be consider¬ 
ably less than that indicated by Fig. 7, but it is obvious 
that it will still be of sufficient importance to justify 
the use of the more accurate formula for the synchronizing 
torque when investigating slip motions extending into 
the generating region. This does not introduce any 
extra work in the step-by-step calculation, since, if the 
curve of .synchronizing torque is drawn, the mean value 
.corresponding to the steps used can be calculated by 
Simpson’s rule from three ordinates read off directly. 

The difficulties encountered in the experimental 
investigation of the slip motion illustrate very forcibly 
that for work of this nature the speed indicator used 
must be rigidly attached to the motor shaft, and that 
even a very stiff spring coupling is not permissible. 
The simple disc and magnet dynamo is absolutely 
accurate and the small voltage corresponding to the 
slip can be magnified to any desired extent by means of 
a thermionic valve of sufficient capacity. As pointed 
out previously, the use of a speed indicator of this kind 
does not necessitate the exciter being deprived of its 
proper function. The result of this is that the record 
of speed variations as obtained by experiment will be 
a true reproduction of the variations that take place 
under actual working conditions. 

Ci^SE OF THE-Salient-pole Synchronous Motor. 

The behaviour of this motor during the process of 
synchronizing is somewhat different from tha't of the 
non-salient-pole type, owing to the fact tliat the synchro¬ 
nizing torque now possesses two components. The first 
component is that due to the fiux produced by tlie d.c. ex¬ 
citation of tlie rotor, or, in the case of a rotary converter, 
of the stator. This can be represented as before by the 
expression sin 0. If the excitation is zero during 
starting, this component will be set up by residual 
magnetism, and in such a case will of necessity be 
very small. Secondly there is a torque set up by the 
fiux induced in the salient poles by the synchronously 
rotating flux as it sweeps slowly past them. Now any 
given pole of the synchronously rotating''field will 
induce opposite polarity in each of the salient poles in 
turn, no matter what the ultimate polarity of those 
salient poles has to be. This torque is an alternating 
function of the angle 0 and we see from the manner in 
which it is produced that its frequency must be twice 
that of the component sin 0. Also it is zero when 
0 is zero. It can therefore be represented by an expres¬ 
sion of the form 7'^ sin 20. The assumption of a 
sinusoidal function is only approximate for this com¬ 
ponent as it is for the other, but an experiment showed 
that the departure from the true sinusoidal form is not 
very great. 
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The results of this experiment are given in Fig. 14, 
and the sin 2ff curve is drawn for comparison. It wUI 
be seen that the curve does not differ greatly from a 
sine curve. The equation of .slip motion of a saUent-pole 
motor can be written thus :— 

-p!Pm + 2’« sin 5 sin 20 + ^ ^ + L = 0 

, pco dt p dl^ 


error introduced when it is assumed that the mean 
value of a sinusoidal function is one-half of the maximum 
value. The positions of equilibrium are given by the 
equation 

sin 0 + f sin 20 0 

sin 0(1 + 2^ cos 0) = 0 


whCTe f is a constant depending upon the degree of 
excitation of the salient poles. 

If the angular velocity of phase swing is required for 
the case of a salient-pole machine, this can be deter¬ 
mined for the no-load case by transforming the equation 
of motion as follows. Put p = 0, multiply bv 2d0/d« 
and integrate witli respect to t. Let 6 = L when 
ddfdt = 0. Then 

UTm (cos 0O-COS0) + (cos20, - cos20) f 1(^)^=0 

- 

X{(sin2 ^0,-sin2 |0)(l f2f-2f sin^ J0o~2^'sin2^0)}i 

This enables the calculation to be made for the maximum 
allowable value of the slip for which the motor will 



just synchronize. For values of ^ ::j> J the author has 
shown * that the conditions for a salient-pole motor 
are the same as for a non-salient-pole motor. Thus if 
the excitation is switched on at the instant 0 = 0, the 
above equation gives for the maximum allowable value 
of the slip 

"V^Tien I the expression for the critical angular 
velocity is of the form 

X l¥] 

It is possible to determine the nature of f(§) in the 
general case by making the assumption that the mean 
decrease of slip as 0 varies from zero to 0^ is equal to 
one-half of the total decrease. The error introduced 
by this assumption is not great, being less than the 

* Electrician, 1024, vol. 92, p. 220. 
t Also see L, H. A. Carr, /oc. at, p. C96. 


Putting sin 0 = 0 we have 0 = 0, tt, or 27r, and these 
values apply to tlie case in which ^ 

Putting (1 -I- 2f cos 0) 0 

we have 

0 = arc cos ^ or 2w - arc cos ^ 

and these values apply to the case in which f > |. 
Let us consider that the slip at 0 == 0 is such that the 
system Ls just brought to rest at the first unstable 
position defined by 

0 « arc cos (- ^) 

: dd/dt we have for the equation of 


Putting o) 
motion 

I 


do) 
p dt 


= — sin cot — ^7^^ sin 2(ot 


Let Sco be the mean decrease in co over tlie interval we 
ai*e considering, then the mean value of the slip speed 
will be (co — Scu). Hence the time taken to travel from 

the position 0 = 0 to 0 = arc cos is 


arc cos 


(-i) 


CO — 8a> 


We tlierefore have for the total decrease in slip during 
this interval 

^arc cos (-^)/(« -fiw) y^arc cos Sio) 

I sin (<o-8<o)fdt+iI^ | sin 2(co-Sw)tdl 

Jo ^ Jo 

^>»Pv If > s 




2(co 




I arc cos 




.2^x. 






X 


2(cu~8ct>) 




But the total decrease in slip must be equal Jp co, the 
angular velocity as the system is passing the lowest 
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point, and therefore we have finally, making the above- 
mentioned assumption of o) = 28co :— 


Hence 


/(?) = -^(2 + 2 ^ + ^) 


An expression for the time of one complete oscillation 
of phase swing can be determined as follows. First 
take the case of a non-salient-pole machine. We 
have;— 


... ©‘=^ 00 ..+. 


If dQldt — 0 when 6 = a, where a is an angle less 
than the position of unstable equilibrium, then 


dt 


■ = 2^[^](sin2 ia - sin2 |0)i 

dd~ WC^'b, J ^ (sin^ Ja — sin^ ^$)i 

Hence the period of phase swing 

d0 


V[?’,H 2 >]j{si 


(sin^ Ja — sin^ 


Putting 


sin id = sin Ja sin ^ 


this reduces to the standard form of elliptic integrals, 
namely 




d<f) 


sin^ sin® <f)) 


^ TT f V(1 siS la 

Jo 

i iw 

—T7- - : 

V(l — SI 

I 


sin® <l>) 


sin® Ja sin® <f>) 

have been tabulated for different values of a. In the 
particular case in which a is equal to tt the period 
is theoretically infinite. 

In the case of the salient-pole motor we have:— 

- sin* 16) 

(l+2§-2§ sin* 1$ - 2f sin* a)}* 


If the extent of the swing is such that a = Oq, the 
position of unstable equilibrium, then 

§ = 2^[^] V{2a (sin* 1$, - sin* 16) 


dt 




1 


X 


de. 


d V(?^) (sin^ -* sin‘^ ifl) 
and for the period we have 


P = 


VE'/'fflpljsi 


d6 


\ L'/'fflPJ I sin* 16q — sin* 


This is e<iual to ao, as would be expected from the 
analogy of the non-salient-pole motor with an amplitude 
of phase-swing of 2Tr radians.* 

If a < then 




and 

P 


{(sin® Ja— sin® J^)(l+2f—2fsin®^0—2fsin®Ja)}* 


-lii 


£ 


dd 


{(sin® Ja—sin® J0)(1 -l-2f — 2f sin® 2f sin® Ja)}^ 


This integral does not appear to be amenable to solution, 
even by the use of elliptic integrals.f Some idea oJ 
the period of oscillation can be obtained from the 
following treatment of the problem. Let the line of 
centres of the two weighted discs whose motion is a 
reproduction of the slip motion J be horizontal. Then 
the height of the centre of gravity of the system above 
the line of centres is 

— cos ^ ~ ^ X I cos 29 
1 + ^ 

Hence if z is the height of the centre of gravity of the 
system above the lowest possible position (given by 
0 =s 0), we have :— 

_ 1 — cos 6 + Jf(l — cos 2$) 

^ r+T 

1 ^ 

== +1 - cos 0 - f cos* 6) 

dz sin 6, 


re+ 

Case (1). f ^ > 1*— dz/dd = 0 only if 

* The integration is given in Appendix 1. 

t An integration in terms of a converging series is given in Appendix 2. 
t H. Cotton, loc* 
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sin 0 = 0, i.e. if 0 = 0 or Jitr, where n is a positive or 
negative integer. 

0 = 0 gives a minimum, 

0 = TT gives a maximum, 

0 = 2n* gives a minimum, and so on. 


If 0 = 0 ; 2 = 0, the minimum value. 


If 0 = 77; 2 : = 


2 


1 + r 


the maximum value. 


The variation of z wdth 0 is shown in Jng. 16. 


Case (2). | > J l.—ds/dd 0 for ^ = 0 

or nn as before, but also for 


0=arc cos 



or 0 = 77—arc cos 



or 0 = 77 -p arc cos 



taking only values of 0 between 0 and 277. 



including their added weights, are Ij and Ig respectively, 
then the rotational energy of the system is 

= i^(Ii *f 4 I 2 ) the notation D'{6) = 

Replace (Ij^ -p by I/p and let the weights in 

absolute units (i.e. including g) be Tf^ and 
Then by the principle of the conservation of energ}^*,^ 
ii d z=i CO when 0 = 0 we have:— 

J . ^(^2 _ ^2) ^ _ cos 0) + f3’„,J(1 - COS 20) = 0^ 

This is the integrated form of the equation of motion 
for no-load conditions, namely :— 

+ Tm sin 6 + sin 20 = CB 



Now maxima and minima occur alternately, and 
0=0 obviously gives a minimum. 

Hence 


0 = 0 gives the minimum value a; = 0 
0 ss 77 — arc cos gives a maximum value 

z = ^ ^ ^ (1 + ^ — cos 0 — ^ cos® 0) 

“ rT?(* ^ 2| “ if*) 

^ ^^(1H- i) 

2 


4^(1 H- i) 

0 = 77 gives a minimum value z = 


1+^ 


0 =; 77 + arc cos gives a maximum value 

(1 + ^ — cos 0 — ^ cos® 0) 


1- + f 


JHITT) i) 


0 = 277 jgives the minimum value « = 0, as for 0 = 0, 
The variation of z with 0 is shown in Fig. 16. 

Consider now the dynamical aspect of the problem. 
If the moments of inertia of the two discs A and B, 


Substituting the previously obtained expression for 
z we have 

= 0)2 - ^^(1 + 

Henoe 

0 = 0 if CO = + D*] 


Case (1) i < —For complete revolutions the system 

has to get past the point B (Fig. 15) for which 
?^=2/(l H- f) 


CO >2 



> coj, say. 

If CO < co^ the system will oscillate between ± a where 
a <77, and the period can be calculated exactly by 
means of elliptic functions. 

Case (2) ^ —For complete revolutions the system 

has to get past the angular positions A and C (Fig. 16) 
for which za = == 1 + J/[4^(l + ^)] 

Hence 

a>>-^^(2+ 21 + ^) 

> ^(1+V[^] > 
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This gives the same form of/(^ as the integration on 
page 225, If cu < cog the system will oscillate between 
±j8, where j8 < — arc cos [— 1/(2^]. 

If there is some friction, as of course there is in a 
practical case,* and co is only a little greater than ct >2 
initially, the system might oscillate somewhere between 
the positions corresponding to the points A and C, or 
to similar positions later on. 

We can obtain some measure of the time of revolu¬ 
tion (for complete revolutions) as follows. 

B has a maximum value of o), and a minimum value 
of cDi when i 
Hence 

« Stt ^ 27r 

P < — and > -77-5-^ 

CO V (co^ — coj) 

& has a maximum value of a> and a minimum value 
of CO 2 when i 
Hence 


« 27r ^ 27r 

P<— and > 

CO V\^ 


- 


(a - sinS 


where a = ^ -f 1 — sin^ Ja 


Hence the period in seconds 

1 _ dff 

^ V(^i) I VKsin® ia — sin® ^ff) (a — sin® J0)] 


In order that the integration may be possible it is 
obvious that we must have o > sin® |a, otherwise the 
function would become infinite and th.en imaginary 
before ff attained the value a. This condition is ful¬ 
filled because a > 0 a, where 0^ — arc cos [— 1/(2^], 
Substituting sin |0 = sin |a sin ^ 


r j 

I sin® — sin® |i 

Jet J(\ 


APPENDIX 1. 

sec^ |0(f 0 


I sin^ |0Q — sin® |0 \ sin® J0 q sec® J0 — tan® |0 

2dt 


1 (1 +1®) sin® Po - 

where t = tan J0, = 

P 2dt 

Isin® i^Q 

— t® cos® J0Q 



1 

h 

2dt 

cos®l ^0 



0 

1 + 4 w 



\dt 




we have 
and 

Hence 


9 ^ 0 when 0 = 0 

^ =s Jtt when g = a 






1 V(l-sin* 

-VE^] 


4 


' Jasin® isin® Jasin®^^ 


X ^ 9 ^) -^1 -n® sin® 

where m® = sin® Ja, n® = i sin® Ja 

Either bracket expanded alone gives a converging 
series. Hence expanding and collecting similar terms 
we have:— 

^ - "VEis]'' 7(WI‘' + “ + * 

+ (f + sin^ <f> 

+ i h + sill® .. .]4 

where h — 1/a 


APPENDIX 2. 

We have:— 

(1 + sin® |a — 2^ sin® ^ff)} 

—•? 0=0 when ddfdt = 0 and f > J. 

remembered that the motion of the mechanical model is a 
he slip motion, not the actual motion of the motor. Thus an 
will cause anmerease in the angular velocity of the model, 
luse a decrease in the velocity of the motor. 


■■■ ‘‘ - ’VEsfe] v(^E‘+*'*+**> *“ 

+ 1^(1 + ifc + P*) sia* la 

+ + A& + A&* + AX=») sin* la] 

From this expression the period P can be calculated 
for any value of f and for any amplitude a. For the 
case in which f =» 1 the function in the brackets is 
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plotted in pig. 17. The range of o is from 0 to 
0o(= arc cos J), the function becoming infinite at this 
latter value. 

When a is small the expression for the period reduces 
to 

2 

In the figure the elliptic integral is plotted for 

comparison, the scale of a being so modified that both 
functions become infinite at the same point. 

For values of a which make sin^ ia< 1/(2^), /c< 1. 
The scries is therefore rapidly convergent and, as can 
be seen from the figure, the curve lies below that of the 
elliptic integral. 

When sin^ Ja — l(2f), /c = 1. The series is, in 
consequence, much more slowly convergent because, in 
addition to the greater importance of the sin” \a 



coefficients, . h raised to increasing powers does not 
decrease. For ^ =s 1 this angle is given by 

sin^ |a = I or a — 00®. 


When sin.^ \a > A > 1. The series then converges 

very slowly and the curve rises very steeply as shown 
in Fig. 
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DISCUSSION ON 

“AN ELECTRIC HARMONIC ANALYSER.”* 

Scottish Centre, at Glasgow, 9 December, 1924. 


Professor G. W. O. Howe: In watching the experi- 
mental demonstration f I was very much impressed with 
the number of adjustments that have to be kept accurate, 
and the general complication of the measurement com¬ 
pared with many electrical measurements. In estimating 
these, however, one must take into account the compli¬ 
cation of the problem being tackled and compare it 
with other methods of obtaining the same result. What 
other methods are there of obtaining this result ? The 
classical method is simply to take an oscillogram, 
enlarge the curve and then laboriously analyse it. This 
method certainly gives results, but what these will be 
worth when one reaches the 13th, l^th and 19th har¬ 
monics is, I am afraid, a matter of very great doubt. 
With an oscillograph, an expert of many years* experi¬ 
ence can get tolerably accurate results, but the results 
obtained by those who have not had such experience 
often leave very much to be desired with regard to 
accuracy, especially when the results are afterwards 
subjected to enlargement and mathematical analysis. 
In the bibliography at the end of the paper the authors 
mention a paper of mine on the ** Amplitude and Phase 
of Higher Harmonics in Oscillograms,** in which I went 
into the subject of the accuracy with which the oscillo¬ 
graph reproduces these higher harmonics. As the 
frequency increases and approaches the natural fre¬ 
quency of the oscillograph, the truthfulness of the 
representation of the harmonics gradually decreases, 
and as those harmonics usually have a very small 
amplitude compared with the fundamental, a very little 
error in the oscillograph makes a very large percentage 
error iia the amplitude of the harmonic obtained from it. 
That method, then, is a very roundabout one, and tlie 
authors have worked out a method which really gives 
what is required by a direct reading, however laborious 
and complicated the preliminary arrangements may be. 
The method demonstrated by the authors marks a very 
great advance on anything that has been done before, 
and I sincerely hope that they will develop this method 
to a stage at which it can be handed over to an electrical 
engineer who is not an expert and enable him to analyse 
a wave-form with tolerable certainty that the results 
which he is getting are correct. The wave shown on the 
screen ahd analysed by the authors is one .in which the 
harmonics are very pronounced. The practical problem 
with which the electrical engineer is more often faced 
is the finding of the relative amplitudes of harmonics 
which are very small compared with the fundamental. 
The problem is not merely an academic one ; although 
alternator builders have made great improvements in 

♦ Paper by Messrs. J, X>, Cockcroft, R. T. Coe, J. A. Tyacke and Miles 
Walker (see page 69). 

t Before the discussion the authors gave a demonstration of the neon-lamp 
method of analysis analysing a rectangular wave-form of current up to the 
18th harmonic. This latter current, which was passed through the moving 
ooil of the dynamometer, was obtained from the a.c. supply by a special arrange¬ 
ment of three-electrode valves. The analysing current was kept constant so 
that the audience could read off directly, &om a 20-ft. scale, me percentage 
value of each harmonic present. 


the wave-form of their alternators, the necessity of 
eliminating harmonics has also increased on account of 
the greater use of high-tension distributing overhead 
wires and the great spread of telephone and telegraph 
wires. As we all know, one of the principal reasons for 
eliminating harmonics from wave-forms is to prevent 
interference with telephone wires running parallel with 
power conductors, and high harmonics of relatively small 
amplitude compared with the fundamental are likely to 
be the chief offenders in this respect. 

Mr, B. Hague : The use of a triode-valve generator 
to produce a standard wave-form rich in harmonics is 
finding applications in many branches of electrical 
measurement. It is of interest to note that the prin¬ 
ciple of the multi-vibrator wave-meter is very similar to 
that of the device used by the authors; in. this instru¬ 
ment a valve generator is used to produce a wave-form 
containing strong harmonics, the prime frequency of the 
generator being controlled by a carefully standardized, 
electrically maintained tuning-fork. The desired har¬ 
monic can then be picked out by means of a suitable 
circuit tuned to resonance with it, in much the same way 
as that employed by the authors in their analyser. 
Although the paper is almost exclusively confined to 
the determination of the amplitudes of the harmonics, 
I can imagine problems in which a knowledge of the 
phases of the harmonics might also be required. I 
should be glad if tlie authors would say whether their 
method will easily give these quantities and enable the 
harmonics to be completely determined. 

Dr, G. E. Allan : I think it fitting that this paper 
should have been read in Glasgow, since it was in 
Glasgow that the first practical application of harmonic 
analysis was made : I refer to the Kelvin tidal analyser, 
and it is a point of interest that a short time ago the 
Kelvin tidal gauge which recorded the tidal wave-forms 
was presented to the University by the Clyde Trust. 
I suppose that Descoudres* method was the first success¬ 
ful application of the dynamometer method. I should 
like some information in that respect, and for cbmparison 
I would point out that the Kelvin instrument was 
built to deal with four components; Descoudres was 
able to deal with nine, and we now see that with the new 
method it is possible to deal with 23 or more components. 
It seems to me that the authors have materialized 
Fourier's mathematical process of singling out the 
different components of a complex wave. 

Dr. S. Parker Smith: Is it possible to measure 
harmonics which are so small as to be invisible in an 
oscillogram ? I have in mind a case where a three-phase 
line, when the neutral was earthed, interfered seriously, 
with a neighbouring communication circuit. The 
oscillogram showed strong 17th and 19th harmonics 
only, but no trouble was experienced when the star 
point was isolated. The trouble was traced to small 
16th and 21st harmonics. Would the autlfors* device 
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enable us to determine the magnitude of such 
harmonics ? 

Dr, M. G. Say : I do not think it is generally realized 
that this paper is the result of three—^possibly four— 
years of strenuous post-graduate research. That part 
dealing with the magnitude of the errors to be expected 
well deserves the attention of other authors in similar 
circumstances. To my mind, the form of the paper 
is the best that could be presented, and should certainly 
provide an example of what Institution papers should 
be. There appear to be some minor errors in Table I. 
Referring to the foot of page 74, it would appear that 
is given in Equation {ih) as (o}Llr)[(x^ — n2)/n]. 
Now Lfr = 1/15 and cu = 314, so that coL/r =21 
approximately. Inserting this value for w = 1 and a? = 3 
(in the first line of tlie table) the result is 8 x 21 = 168, 
whereas the table gives 128. The same appears to 
hold for the other lines of the table. However, if 
my figures are correct, matters are rather improved than 
otherwise. It is stated on page 78, with reference to 
the phase-swinging of the commutator-driving gear, 
that "it would no doubt be possible to reduce this 
source of trouble very considei-ably by using a properly 
designed motor." Suppose that the alternator under test 
had a cyclic speed variation represented, say, by a sine 
wave superimposed on its steady mean speed. Then the 
commutator and its driving motor would have a cyclic 
variation representable by a sine wave displaced in phase 
by a half-period of the frequency of the speed variation. 
The commutator would never be in true synchronism 
with the supply, and damping would only reduce the 
amplitude of the variation and not its phase. A steady 
reading could not therefore be obtained, and the oscilla¬ 
tion might be serious when measuring high orders of 
harmonics. Perhaps, however, I have overestimated 
the severity of this trouble. If I read Fig. 16 correctly, 
it would appear that it is impossible, with the neon- 
lamp method, to measure the amplitude of the funda¬ 
mental of the wave-form under test with an accuracy 
comparable with that to w'hich, say, the 9th harmonic 
might be obtained. Surely the fundamental is tlj^ most 
important of the harmonics. With this method also 
the volt-ampere consumption of the saturated trans¬ 
former circuit is somewhat high; it is given as 10 
amperes at 200 volts, or 2 kVA. Does this have any 
distorting effect on the true wave-form of small appa¬ 
ratus under test ? A very interesting form of harmonic 
analyser has recently been constructed, in America.* 
Here the supply to be analysed is fed into an input 
network, paralleled with w^hich is an oscillatory circuit 
whose natural frequency may be altered continuously 
in a definite manner by pneumatic power. Thus the 
an^ysed wave-form has, as it were, withdrawn out of 
it, in succession, all its harmonics from the fundamental 
upwards. Probably by some form of reflecting dynamo¬ 
meter the deflections are indicated on a specially scaled 
photographic plate, which is moved across the field of 
the d^amometer beam, again by pneumatic means. 
In this way the developed negative shows a record 
composed of a series of troughs and sliarp peaks traced 
on a graph marked directly in percentages and in cycles 


per second. Any harmonic (indicated by a peak) can 
be picked out by reference to the base line of frequency. 
The whole process is said to occupy about 6 minutes 
and is entirely automatic, and the calibration is approxi¬ 
mately constant for all frequencies within a wide range. 
The accuracy of the instrument is not comparable with 
that of the present one, but its ease of manipulation 
offers some advantages. Have the authors something 
in view on these or other lines which would add to the 
already considerable value of their analyser ? 

Messrs. J. D. Cockcroft, R. T. Coe, J. A. Tyacke 
and Miles Walker (in reply) : In reply to Prof. Howe, 
it should be pointed out that the demonstration of the 
apparatus before the audiences in London and the 
Local Centres was greatly complicated by the fact tliat, 
in order to enable the audience to read off the value of 
the harmonics of a square wave without any calculation, 
all the harmonics had to be projected on the screen to 
the same scale. In addition, the fundamental had to 
be made 100 scale divisions so that the higher harmonics 
would appear in their proper percentage. The main 
difficulty arose from the variation of the voltage of the 
supply mains. This in the ordinary use of the instru¬ 
ment does not cause much trouble because, whatever 
the voltage happens to be at any instant, it is not difficult 
to take a snap reading of the wattmeter and the volt¬ 
meters and work out the value of the harmonic for the 
set of readings obtained. It is not necessary to bring 
back the voltage of supply to some fixed value for each 
set of readings, as is necessary when all harmonics are 
to be shown to the same scale. We are making up a 
portable fonn of the apparatus which will occupy a 
space of about 1 foot cube. The process of measuring 
a harmonic will be notliing more than the plugging in 
of a suitable capacity, the tuning of a circuit by means 
of a variometer, and the taking of three simultaneous 
readings if the conditions are rather unsteady. From 
these three readings the harmonic is worked out in the 
manner described in the paper. 

Mr. Hague asks whether the phases of the harmonics 
can be determined. Using the synchronous motor and 
copper disc commutator as described above, tlie phase 
of a harmonic could easily be determined by measuring 
the shift of the brushes required to give a maximum 
reading. 

Since harmonics of less than 1/1 000th of the amplitude 
of the fundamental can be detected, it should certainly 
be possible to determine the approximate amplitude of 
harmonics of the type referred to by Dr. Smith, which 
are not visible on the oscillograph but yet produce 
marked inteirference. ^» 

The authors are indebted to Dr, Say for pointing 
out the omission in the text preceding Table 1. Table 1 
was calculated from Equation (4a), using values of 
and O actually employed in practice. These values 
were generally chosen to make E^GrlL of the order of 
3. Provided the amplitude of phase swing of the 
synchronous motor is kept below the dynamometer 
reading for the 23rd harmonic will not vary by more 
than 2 per cent. The power consumption of tlie 
saturated transformer can be very much reduced by 
special design. Dr. Say is quite correct in his conr 
tention that it would not be possible to measure the 
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fundamental of a wave very accurately with the neon- 
lamp method. It is not intended to do this. The 
E.]^F. wave induced in the oscillatory circuit is 
deliberately made to have a small fundamental in order 
to reduce to a minimum the dynamometer torque 
and consequent error due to fundamental currents in 
both coils. This is important owing to tlie large funda¬ 
mental |n most waves likely to be analysed. Since the 
harmonics in the pressure-coil voltage are found directly 
in volts, the best way of determining the value of tlie 
fundamental is to find the R.M.S, value of the. wave 
with a good commercial instrument and to correct this 


if necessary for the efiect of such harmonics as may 
have been found. The method recently developed in 
America and referred to by Dr. Say is in principle 
exactly the same as the resonance methods described 
in Section 2 (1), and is subject to the type of errors 
there described. Since the eddy-current and dielectric 
losses cannot be inappreciable at the frequency of 
the 23rd harmonic, it is difficult to see how the cali¬ 
bration can be constant over the whole range of fre¬ 
quencies required. In fact, no statement is made in 
the paper as to the possible accuracy of the method 
described. 


ALTERNATORS FOR OPERATION ON A TRANSMISSION LINE. 

By N. B. Hill, Student, 

[Abstract of paper read before the North-Western Students* Section, Uh November, and before the Mersey and North 

Wales (Liverpool) Students* Section, \Zih November, 1923.] 


Summary. 

When laying out the design of an alternator that will be 
used to transmit power over a long transmission line, it is 
necessary to consider several factors in addition to the specified 
full-load rating before one can decide on the relative electric 
and magnetic loadings of the machine, or even the frame 
size on which it should be built. 

•In attempting a survey of the problem, the paper was 
divided into six sections, which may be summarized as 
follows 

(1) General discussion of the possible instability of an 

alternator connected to a transmission line. 

(2) . Varying-voltage and constant-voltage transmission 

lines. 

(3) A more detailed consideration of the alternator, showing 

that it is possible to determine directly from its 
open-circuit and short-circuit characteristics the 
maximum leading kVA with which it can deal at 
normal voltage, for complete stability down to zero 
voltage, 

(4) Effect of the exciter on the stability of the generating 

unit, 

(5) Varfhtions in station voltage to be expected 

when operating the high-tension line switches. 

(6) Particulars of an alternator built for a 60-period 

line demanding a charging current equivalent to 
8 100 kVA at 11 000 volts. 


In Section 1 of tlie oi-iginal paper, it was pointed out 
that an alternator connected to a transmission line 
through transformers becomes a self-exciting unit when 
the combined " line and transformer characteristic" 
lies to the right of the " generator characteristic." 
Without d.c. excitation the voltage of the machine will 


rise to the point where the characteristic curves inter¬ 
sect. 

The "line and transformer characteristic** is the 
relation between tlie alternator terminal voltage, and the 
total leading current taken by the line and transformers. 
The " generator characteristic ** is the relation between 
the alternator terminal voltage and the leading stator 
current necessary to mairitain that voltage; in other 
words the saturation curve of the machine when 
magnetized from the a.c. side. With machines of the- 
size wi^ which we are dealing, it is an advantage if 
we can make use of the open-circuit and short-circuit 
characteristics to predict the generator characteristic, 
as the experimental determination of the former curves 
does not call for any elaborate tests on the completed 
macliine. 

When the machine is excited from the stator, the 
stator leakage flux provides a portion of the terminal 
voltage, and the flux crossing the air-gap will be 
correspondingly less than the flux required to produce 
the same terminal voltage on open circuit. 

Let AE in the figure be the air line of the open- 
circuit characteristic of the machine, and AF the short- 
circuit characteristic, E being the point of normal 
voltage and F the point of full-load current. If we 
assume zero stator reactance for the moment, the short- 
circuit curve will represent the relation between stator 
and rotor M.M.F.'s, and the generator characteristic 
will be given by a straight line parsing through the 
origin and a point the ordinate of which represents 
normal voltage and the abscissa a stator current equal 
to CG. If AB/AC = y, the alternator will evidently be 
capable of dealing with a maximum charging kVA at 
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normal voltage of y times its rated fulWoad kVA. Let 
us now consider the case where the stator reactance isX 
per cent, and tiie open-circuit and short-circuit charac¬ 
teristics are unaltered; we shall assume that the 
alternator can still deal at normal voltage with a leading 
current equal to CG. Neglecting the small amount of 
saturation which is usually present at normal voltage, 
the portion HJ of the short-circuit excitation main¬ 
taining the flux in the machine when the stator current 



equals CG, is XyAB, and the connection between stator 
and rotor M.M.F/s is given by AM. At nomial terminal 
voltage the leading stator cuirent CG now supplies a 
portion (KL =: XyAD) of the voltage, and the flux 
crossing the gap is correspondingly reduced. Since HJ 
^XyAB, and KL «= XyAD, L must lie on the line AE, 
and we see that the current CG provides just sufficient 
M.M.F. to maintain the reduced flux. This means that 
the generator characteristic is identical with the case 
of zero stator reactance, and justifies the assumption 
previously made. 

The maximum charging current with which the alter¬ 


nator can deal at normal voltage, for complete stability 
down to zero voltage, can therefore be obtained directly 
from the short-circuit characteristic of the machine, by 
reading from that curve the stator current correspond¬ 
ing to the rotor current needed by the air-gap at normal 
voltage on open circuit. The maximum charging kVA 
at normal voltage is thus equal to the normal full-load 
kVA multiplied by 

Excitation required by the air-gap at 
normal voltage on open-circuit 
Excitation required to maintain full-load 
current on short-circuit. 

If the stability is estimated in this way no correction 
is needed for stator reactance, but it will be realized 
that this is not equivalent to saying that the stability 
is independent of the reactance. For example, if by 
some means we could reduce the reactance of a machine 
without altering any other of its characteristics, a smaller 
proportion of the terminal voltage would be provided 
by a given leading current in the stator, and to maintain 
the correspondingly increased flux in the machine a 
larger leading current could be taken from the line—in 
other words the stability would be increased. This is 
also evident from the formula given above, since less 
excitation is needed to maintain full-load current on 
short-circuit when the stator reactance is reduced 
without altering any other feature of the machine^. 

It may be mentioned that the wave-form of the 
alternator has no effect on the stability. If harmonics 
are present in the voltage wave these will cause additional 
currents of a corresponding frequency to flow in the line, 
but it is only the currents of fundamental frequency that 
assist in magnetizing the machine. The M.M.F.*s pro¬ 
duced by currents of other frequencies move at a high 
velocity with respect to the field system, and as far as 
the harmonics are concerned the machine may be con¬ 
sidered to be an induction motor on short-circuit. 

Since the line capacity is in series with the ind^ictance 
of the alternator windings, the possibility of voltage 
resonance, either at fundamental frequency, or at one of 
the harmonic frequencies, must be considered. From 
this point of view it is desirable that the wave-form of 
the alternator voltage should be free from harmonics. 
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PROCEEDINGS OF THE INSTITUTION. 

718th ORDINARY MEETING, 23 OCTOBER, 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, F.R.S., Past-President, took the 
chair at 6 p.m. 

The minutes of the Annual General Meeting of the 
8 th May, 1924, were taken as read and were confirmed 
and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 
vol. 62, pages 668, 661, 728, 816 and 900) was taken as 
read and the thanks of the meeting were accorded to 
the donors. 

The Chairman announced that the Council had decided 
to make a donation of 100 guineas to the Cavendish 
Laboratory, Cambridge, as a token of appreciation of 
tlie electrical researches carried out there by Sir Joseph 
Thomson, Sir Ernest Rutherford and other Cambridge 
physicists. 

Thfi Premiums and Scholarships (see vol. 62, pages 628, 
629 and 727) awarded during the session 1923-24 were 
presented by the Chairman to such of the recipients 
as were present. 

The chair was then vacated by Dr. Russell and taken 
by Mr. W. B. Woodhouse amid applause. 

Mr. LI. B. Atkinson : Once again we meet at the 
commencement of a new session and a new year’s 
work. Once again we commence those series of meetings 
of our whole Institution and of our Committees which 
form so important a part of our work. Again a new 
and energetic leader takes his place before us, and we 
are fully confident that he will bring to us, as others 
before him have done, new ideas and new ideals to 
which we shall give our heartiest support. But once 
again also we part with a leader, our President of last 
session. We consign him delicately to the limbo of 
past-presidents, to that group of (as it has been stated 
to me) extinct volcanoes, of which there are fortunately 
a good many still in existence. Before we do so, how¬ 
ever, we want to bid him a grateful farewell—not a 
farewell in the sense that we shall see him no more, 
but only^n his ofdcial capacity. In doing so, we express 
the belief and the hope that we shall long have him 
with us to assist us in the work of the Institution and 
to guide and help those who follow him in the chair 
he has just vacated. A year ago, when Dr. Russell 
took over the office of President, we all felt that the 
Institution was once again fortunate in having the right 
man at the right hour. It has been a very important 
year for the electrical profession and industry. That 
great demonstration of British electrical engineering 
at Wembley, and the World Power Conference associated 
with it, have brought together many hundreds of 
engineers and leading electrical men from all the world 


over; and it was right and proper that at that moment 
we should have as our President a man who was 
internationally known and respected as a scientist. 
Dr. Russell was such a man. We know him and honour 
him ; and we may well take pride in the fact that during 
the year he was in office otliers also showed that they 
endorsed our view of him. It was during his year of 
office as President that he was elected a Fellow of the 
Royal Society, and that his own University of Glasgow, 
which he visited on tlie occasion of the Kelvin Celebra¬ 
tion, conferred upon him the degree of Doctor of I-au s. 
In his year of office he served the Institution well, at 
the Council Meetings, at our Ordinary Meetings, on all 
those occasions when he has had to represent the 
Institution officially, and in the visits which he l\as 
paid to, I believe, every one of our I.ocal Centres. I In^g 
to propose : *' That tlie best thanks of the In.stituiion 
be accorded to Dr. Alexander Russell for the very able 
manner in which he has fulfilled the office of President 
during the past year.” 

Mr. J. S. Highfield : I have very great pleasure in 
seconding the resolution proposed by Mr. Atkinson, 
We all know how admirably Dr. Rus.sell has filled the 
presidential chair; some of us know of the vast, amount 
of work he has done for our Institution, It is not only 
what is done by our President that alone is important: 
the manner of the doing is equally important. By his 
courtesy and geniality Dr. Russell has clone much to 
enhance the popularity of the Institution. In this 
particular year when so many foreign friends were 
here wjiom we had the honour to entertain. Dr. Russell 
was a host the embodiment of kindly geniality, carrying 
in his eyes the light of hospitality, that essentially 
English characteristic. Truly he concentrated for ns 
our desire to entertain our friends to the full, and in 
so doing coped with, I believe, some 30 different lan¬ 
guages. Mr. Atkinson referred to past-presidents as 
extinct volcanoes. Contrasted with the new President 
entering with new eagerness on a*year*s congenial work, 
this may be true. But if the work that Dr. Rus.sell 
does in his ordinary vocation is considered, the skilful 
training of young engineers at Faraday House, an 
institution universally respected and held in high 
honour and in which I know he takes the greatc.st 
pride; when it is considered that that work started 
long before he became President, continued during his 
term of office and still goes vigorously forward, I am 
sure you will agree that he, for one, is by no means an 
extinct volcano. May lie live long to enjoy tlic honcjur 
and esteem with which we all regard him. I have the 
greatest pleasure in seconding the resolution. 

The resolution was put to the meeting by the President 
and carried with acclamation. * 
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t)r. A* Russell: I have to thank you most warmly 
for the kind way in which you have received this 
resolution, and especially to thank Mr. Atkinson and 
Mr. Highfield for the many kind things they have said. 
What has impressed me most during my year of office 
is the able way in which our Local Centres co-operate 
with the parent Institution. The organization by which 
we keep in touch with our members in all parts of the 
world is most efficient, and for its smooth working 
we are largely indebted to Mr. Rowell, the Secretary. 
I shall never forget the kind welcome that I received, 
as President of the Institution, from the Local Centres, 
and also their great hospitality. These friendly rela¬ 
tions between the Council and the Local Centres augur 
"well for the future. As an Institution we are deeply 
indebted to many friends for the unstinted hospitality 
shown last summer to our overseas visitors. These 
benefactors include His Majesty tlie King, Cambridge 
University, Birmingham University, the London, Mid¬ 
land and Scottish Railway, the North-Eastern Railway, 
the London General. Omnibus Company, Lord Ashfield, 
and many others too numerous to mention. I very 
much appreciated the invaluable work done in this 
connection by Sir James Devonshire, and also by our 
Secretary. In conclusion, I want to thank the Council 
and all the members for the great kindness and con¬ 
sideration which they have shown me during my year 
of office. I am looking forward with the greatest 
confidence to the continued growth of the Institution 
in knowledge, influence and popularity under the presi¬ 
dency of Mr. Woodhouse. 

The President then delivered his Inaugural Address 
(see page 1). 

Mr. G. P. Sparks : The Address to which we have 
just listened is one of more than ordinary interest. 
First, it is written by one who has devoted his entire 
business life to private enterprise, which, in the opinion 
of many of us, is the mainstay of this country’s pros¬ 
perity. Secondly, our new President is the first who 


can speak as a manager of a power company. While 
it has required many years of hard work for the power 
companies to establish their position, their importance 
is now recognized, and they have recently been brought 
to the fore by more than one political party. Thirdly, 
our new President is the first for many years who 
specially represents local interests. He has already 
served as Chairman of the North Midland Centre for 
two sessions. I have much pleasure in moving :That 
the best thanks of the Institution be accorded to 
Mr. W. B. Woodhouse for his interesting and instructive 
Presidential Address, and that, with his permission, the 
Address be printed in the Journal of the Institution.*’ 

Mr. Roger T. Smith: Among those who listen to 
Presidential Addresses I think perhaps those who have 
already occupied the chair have a distinct advantage. 
Others can think how much better—or how much 
worse—they would have done it themselves. The 
past-president knows how much worse, or perhaps 
how much better, he did it. But I doubt if there is 
any past-president here to-night—^not even myself— 
who would be sufficiently vain to think tiiat he had 
produced an Address better than that to which we 
have just listened. Teachers, because they generally 
know nothing at first hand of what they teacli, can 
generally make their lectures interesting, although 
students will bear me out that that is not always the 
case. It is, however, a much harder task for a man 
who has spent all his life in doing things to put the 
results of his experience into an address confined to 
one hour, and at the same time to make that account 
of his work as absorbingly interesting as our President 
has done; and for his doing that and giving us the 
•pleasure of so instructive and important an Address, 
I have very great pleasure in seconding the resolution. 

The resolution was then put to the meeting by Dr. 
Russell, Past-President, and was carried witli acclama¬ 
tion. After the President had briefly replied, the 
meeting terminated at 7.30 p.m. 


40th MEETING OF THE WIRELESS SECTION, 6 NOVEMBER, 1924. 


(Held in the Institution 

Mr, W. B, Woodhouse^ President, took the chair 
at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 7th May, 1924, were taken as read and were 
confirmed and signed. 

M]f. E. H. Shaughnessy, Chairman of the 


Lecture Theatre.) 

Wireless Section, then delivered his second Inaugural 
Address (see page 60). 

A vote of thanks to Mr. Shaughnessy for his Address,, 
proposed by the President and seconded by Professor 
G. W. O. Howe, D.Sc., was carried with acclamation^ 
and the meeting terminated at 7 p.m. 
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« Faraday Medal. 

At the Ordinary Meeting of the Institution held on 
the 22nd January, the President announced that the 
Council had made the fourth award of the Faraday 
Medal to Sir Joseph Thomson, O.M., M.A., F.R.S., an 
Honorary Member of the Institution and Master of 
Trinity College, Cambridge. 

The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 December, 
1924-26 January, 1926. 




£ 

s. 

d. 

' C. A.'' (London) .. 



10 

0 

Abraham, F. H. (Bradford) .. 



5 

0 

Adams, G, H. (Edinburgh) .. 



10 

0 

Addis, E. (Crewe) 



2 

6 

Addison, J. D. (Inverkeith) .. 



2 

6 

Ailonan, A. N. (Harrow) 



16 

0 

Alaba^ifer, E. 0. (London) 



5 

0* 

Alabaster, H. (Eastbourne) .. 


.. 2 

2 

0* 

Aldridge, T. H. U. (Shanghai) 


.. 6 

0 

0* 

Alexander, T. R. (Birmingham) 



6 

0* 

Allan, R. H. (Swansea) 



5 

0 

Allen, A. Hinton (London) 


.. 1 

1 

0* 

Allen, C. E. (London) .. 



8 

6 

Allom, G. F. (London) 


.. 1 

1 

0* 

Allwood, H. (London) .. 



10 

0 

Ambrose; G. S. (Rugby) 



3 

6 

Amerasinghe, R. P. (London) 



6 

0 

Anderson, H. M. (Glasgow) .. 



16 

0 

Andrews, A. E, D. (London) .. 



4 

0 

Andrews, 0, M. (London) 


.. 1 

1 

0 

Angold, A. E. (Birmingham) .. 


.. 1 

1 

0^ 

Ardis, R. (Hol 5 rwood, Co. Down) 



6 

0* 

Ariger, J. (London) 



6 

0 

Armstrong, R. B. (London) .. 



2 

6 

Arnold, A. H. M. (Liverpool) .. 



10 

0 

Arnold, C. L. (Enfield) 


.. 1 

1 

0* 

Arnold, K. N. (Purbrook, Hants) 



10 

6* 

Ashcroft, E. A. (Waye, nr. Ashburton) 

.. 2 

2 

0 

Ashmore, J, (Birmingham) .. 



10 

6* 

Aston, C*J. (London) ,. 


!! 1 

0 

0 

Atkins, R. E. (North Walsham) 



2 

6* 

Aust, O. L. G. (London) 



6 

0 

Austin, H. S. E. (Norwich) .. 


.. 1 

1 

0* 

Bache, W. J. (Cheltenham) ,. 



10 

6* 

Bagshawe, A. S. (Manchester) 



10 

0 

Bailey, A. R. E. (London) 



6 

0 

Bailey, F. (Huddersfield) 



6 

0 

Baily, Professor F. G. (Juniper Green) 

.. 1 

1 

0 

Bainton, L. H. (London) 

., 

• • 1 

1 

0 

Baker, A. E. (Paignton) 

,, 


6 

0 . 

Baker, C. J. (London) .. ., 

.. 


10 

6* 


* Annual Subscriptions, 
* ^ VPt/63, • • 


Baldwin, F. J. (Dudley) 


£ 

s. 

5 

d. 

0 

Ball, E. H. (Rugby) .. 



8 

6 

Balmford, E. (Leamington Spa) 



2 

6 

Banks, J, (Keighley) ,. 



10 

0 

Barlow, Edwin (London) 



2’ 

6* 

Barnacle, A. B. (Coventry) .. 



5 

0 
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Drury, G. L. (Darlington) 
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Ellis, C. M. (Stoke-on-Trent) .. 

Emsley, A. E. (Manchester) .. 
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Euler, L. H. (London) 

Evans, G. H. D. (London) 

Evans, P. (Wallington) 

Evans, S. L. (Birmingham) .. 
Eversfield* H. T. L. (London) 

Farrell, J. F. E. (Glasgow) .. 
Faulkner, H. (St. Margaret's, Middlesex) 
Featherstone, H. (Tunbridge Wells) .. 
Fedden, S. E. (Sheffield) 

Fennell, W. (Northwich) 
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Ferlie, G. B. (Auchtermuchty) 

Fewtrell, J. W. (London) 

Field, C. E. (Bolton). 
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.. 10 0 Finlay, A, H. (Holyivood, Co. Down) 

.. 10 0* Fisher, W. (Ulverston) 

6 0 Fisher, W. D. (Wigan) 

.. 6 0 Fleming, J. G. (London) 

.. 1 0 0 Fleming, W. K. (Greenock) .. 

.. 1 1 0* Fletcher, J. Y. (London) .. .. 

2 6 Flint, E. W. (Liverpool) ... .. 

6 0* Ford, W. H. (Liverpool) 

.. 6 0 Fortescue, C. L. (London) .. .. 

.. 1 10* Foster, C. B. (London) 

2 6* Foster, F. W. (Bexley) 

•. 6 0 Foulkes, H. R. (Manchester) .. 

6 0 Foulkes-Roberts, D. S. (Denbigh) 

.. 2 6* Fowler, J. (Liverpool) 

6 0 Fox, H. S. (London) 

.. 1 10* Francis, F. H. (Oxford) 

.. 2 2 0* Franks, H. W. (Fleet) .. ., \ . 

7 6* Freeman, G. F. (Leigh-on-Sea) 

.. 16 0* French, A. J. (London) 

2 6* French, B; (Kidderminster) .. 

.. 10 0* Friendship, C. A. (Runcorn) .. 

2 6 Frost, F. G. (Rickmansworth) 

6 0 Fuchs, A. (London) 

6 0 Fuller, W. H. (Sheffield) 

10 6* Gabbott, T. (Colne). 

..110 Gadsby, D. J. (Hove). 

6 0* Gall, A. C. (Welwyn Garden City) .. 

.. 110* Garcke, E. (Maidenhead) 

.. 6 0* Gardiner, J. R. (London) 

.. 2 6* Garrard, Dr. C. C. (Sutton Coldfield) 

.. 110* Garrard, J. A. T. (London) .. 

.. 10 6 Gatehouse, E. A. (London) .. 

10 6* Gatley, W. H. (Todmorden) .. 

., 2 6* General Electric Company (London) 

10 6 George, T. A. (Monkseaton) .. .. 

.. 6 0 Gerrard, D. C. (Manchester) .. 

.. 6 0* Gibson, H. C. (Westerham) .. 

.. 1 10* Gibson, H. J. (London) 

.. 1 0 0* Gibson, T. (Whitby). 

.. 1 10* Gnbert^H.W. (London) 

.. 6 0 Giles, H. W, (Canterbury) 

2 6 GiU, F. (London) . 

16 Gill, V. W. (London). 

.. 6 0 Glazebrook, Sir Richard (Limpsfield) 

.. 6 0 Goldup, T. E. (London) 

.. 6 0 Good, P. (London) . 

.. 6 0* Gordon, E. A. (London) 

.. 10 6 Gorham, M. L. (Bristol) 

.. 6 0 Goslin, E. T, (Glasgow) 
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.. 6 0 Griffiths, L. (Coventry) 

6 0 Griffiths, W. H. F. (London) .. 
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SPEEDING UP THE TELEGRAPHS; A FORECAST OF THF 

NEW TELEGRAPHY. 


By Donald Murray, M.A., Member. 


{Paper first received imh September, and in final form 2Wi 
Summary. 

This paper, which is mainly a forecast of the probable 
form that the telegraph service will take in the course of the 
next 26 years— 2 u form that is described as the new tele¬ 
graphy **—^refers to the world-wide complaints about the 
unsatisfactory condition of the telegraph service and the 
need for improving it and speeding it up until it takes its 
proper place alongside the telephone. 

It is agreed that these complaints are well founded, and 
the telegraph service is described as being deai*, slow and 
inaccessible. Speeding up the telegraphs and bringing them 
into closer touch with the industrial and financial life of 
the world is put forward as a necessity of the future. We 
must type as well as talk. We must teletype as well as 

telctalk.'' 

It is pointed out that the telegraph has many important 
advan^ges over the telephone, especially for communicating 
over distances of more than 60 miles, and the present ailment 
of the t^egraph is diagnosed as excessive circuit facilities 
and defective terminal facilities. That is to say, there are 
more circuits than arc required for the traffic at present 
available, and not sufficient telegraph machinery, and the 
telegraph equipment is not arranged, lijce the telephone, 
so as to be linked up closely with the business life of the 
community. The telegraph is not, but should be, at every 
business-man^s elbow, like the telephone. 

The remedy is the creation of printing telegraph or, more 
briefly, teletype exchanges, giving telegraph facilities similar 
to the telephone facilities we now enjoy. This will evidently 
be the result of certain developments now taking place in 
America, •vidiere both the Western Union and the Bell Tele¬ 
phone Companies are about to offer telegraph typewriter 
service to business men, that is to say to subscribers. If 
tliis proves commercially profitable, it will inevitably lead 
to the establishment of teletype cxclianges in all the American 
cities, and tiiey will be linked up by trunk or long-distance 
telegraph lines. This will put business men all over tlie 
United States directly in touch witla each other by printing 
telegraphy. In this way the new telegraphy will be bom. 

The paper foretells that, in the course of years, this new 
development will have a revolutionary effect on telegraph 
offices, which will become automatic switching exchanges, 
very like an automatic telephone exchange; and the tele¬ 
graph operators, like tlie telephone girls, are doomed to dis- 
api^ear, and their places will be taken by a few telegraph 
engineers and mechanics wandering about in the deserted 
telegraph operating-rooms, looking after the telegraph 
switching apparatus. 

Examples are given of the advantages that this new tele¬ 
graphy will confer on the business community. 

The machine that has made this new telegraphy possible 
is the start-stop telegraph printer-—provided with a type¬ 
writer keyboard and requiring only momentary s 3 mchronism. 

It can therefore be readily switched from one circuit to 
another. It can work at from 40 to 80 words a minute over 
any dist^ce from 100 feet to 6 000 miles, and any girl typist 
can use it. This is the busmess-man's printing telegraph— 
the Ford car of telegraphy. 


obey : read before The Institution 18//^ December, 1924.) 
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Part 1. 

The World's Unsatisfactory Telegraph 
Service. 

(1) The modern demand for speed, and why,~K para¬ 
graph in the newspapers, entitled Speeding up the 
Telegraphs," has supplied the title and inspiration for 
this paper. The paragraph, which has already been 
widely quoted and commented upon, appeared in the 
following form in tire London Daily News of the 26th 
February, 1924:— 

" Speeding up the Telegraphs.—^Rivalry of Wireless 
AND Air Mails. 

"Paris, Monday, 

" It is announced here that the International Telegraph 
Union at Berne is proposing a world inquiry into the growing : 
neglect of the telegraph in internal and intematioij^al com¬ 
munications. 


I.E.E. Journal, Vol. 6^ No. 339, March 1925. 
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** In some countries, such as the United States and Scandi¬ 
navia, the telegraph now contributes hardly more than 1 per 
cent of the total number of electric communications, and in 
France, where lack of enterprise still leaves over 40 per cent 
of the 36 000 communes unserved by the telephone, the pro¬ 
portion is only about 10 per cent. 

" The air-mail is mentioned as becoming a powerful rival 
to the telegraph wire. A letter posted in Paris at 7.60 p.m. 
is now delivered at Casablanca, in Morocco, on the following 
morning but one, which is not alwa 3 rs, but is sometimes, as 
rapid as the telegraph, and has other advantages. 

In a single month last year 200 000 communications 
were sent by this air route. The use of wireless telegraphy 
is growing very rapidly. The great station near Bordeaux 
sends messages as far as Saigon. Saint Assise serves America, 
and Lyons, Moscow and Central Europe. 

It is suggested here that if the plant and cables of the 
old system representing hundreds of millions are not gradually 
to be scrapped, tariffs will have to be reduced, and the service 
everjrwhere speeded up. In France it still often takes five 
hours to telegraph between Paris and Nice, and this is only 
an instance of the wide margin left for x*eform.” 

The same paper published another significant para¬ 
graph on the 18th June, 1924, as follows 

Telephoning Express.—Quicker Method of Trans¬ 
mitting Phonograms. 

" The telephoning of express messages is to be expedited. 

'' Hitherto a telephone subscriber has telephoned his 
message to the nearest exchange, whence it has been sent 
to the next exchange, and so on, necessitating its being re¬ 
written perhaps three or four times. 

Under the new system a subscriber is to be plugged 
through to the nearest central transmitting office. Pie will 
be charged only the local fee. A subscriber, for example, who 
wishes to dictate an express message from Stockport will 
be put through to Manchester, and one who speaks from 
(say) Norwood will be put straight through to the Central 
Telegraph Of&ce, St. Martin's-le-Grand. 

The new scheme is criticized by the Union of Post Office 
Workers. 3VIr. Fred Riley, the assistant secretar}^’, said 
yesterday: 

The union claims that phonogram work is strictly 
telegraph work, requiring a full knowledge of telegraphic 
rules and regulations. 

H “ ‘ In the transfer of work from telegraphists to tele¬ 
phonists the Post Office is guilty of down grading of work 
contrary to the trade union practice. The union agrees to 
such transfer only on the condition that telegraph rates are 
paid.* 

" Mr. Riley added that errors in telegraphy were negligible 
compared with those in telephony. He said the scheme 
appeared to be a great menace to the staff, and had no 
advantages for the public.*' 

As these two paragraphs deal with a subject of the 
greatest importance to the industrial and business world, 
namely, qj^uick and cheap intercommunication, it seems 
to be desirable that a clear, hill-top view of the facts 
and probajDle and possible developments of telegraphy, 
as they appear to one who has devoted many years 
to the subject, should be put on record in circumstances 
which may lead to. wide public discussion. By such 
discussion the business world will become conscious of 
the possibilities, and a very desirable stimttlus will be 
given to- the growth of the ^eat telegraphic faciHties 
that will be available to us in the course of the next 


• . \ 

26 years. I have therefore avoided technicalities, and 
comemuniation engineers will find nothing new in this 
paper, except the unusually extensive landscape. 

If we had no telephones, the world would be very proud 
of its marvellous telegraph service; but the colossal 
growth of the telephones, and the wonderfully quick 
and cheap service that they render, have made people 
dissatisfied with the results at present obtained from 
the telegraphs. 

There have been articles innumerable in the teclmical 
and lay Press about the unsatisfactory condition of the 
telegraph service and the need for cheapening and speed¬ 
ing up the telegraphs to save them from extinction, and 
all sorts of weird remedies have been proposed. We have 
been told that the world's telegraphs are in the melting- 
pot, and that they are liable to be swept away by the 
telephone and wireless and by the air-mails, and nobody 
seems to Icnow what to do to remedy this state of affairs. 
The ideologues and word-merchants suggest that the 
telegraphs need to be “reorganized," and practical 
telegraph men recommend “ advertising the telegraphs " 
and “ cultivating the telegraph habit." Advertising is 
good as far as it goes, and the Western Union Telegraph 
Company finds' that this policy pays, and a really 
remarkable telegraph advertismg campaign is carried on 
in America. 

The company has been good enough to send me a 
collection of its advertising leaflets. These are ajnazingly 
clever, and cover all phases of life from the use of tele¬ 
grams to collect overdue accounts, to sample telegrams 
to radio artists with the advice “ Applaud by Telegraph." 
Amongst scores of others, there is a card giving the 
average cost of letters at 62 cents and telegrams at 
CO cents. In Great Britain the corresponding cost of 
an average letter is probably about Is. and a telegram 
about Is. 3d. The argument is that the saving of time 
at the cost of a few extra cents is extremely profitable. 
Through all the advertisements runs tlie refrain: 

Don't write—Telegraph ! " 

Note these last words attacking the mail-bags. 

Practical telegraph men realize that telegraph traffic 
is not likely to grow faster tlian the slow annual incre¬ 
ment due to increase of population, if the present lines 
of development are adhered to, and they know that 
there are only two other directions from which increased 
traffic can be expected. The telegraphs have suffered 
from the pressure of the telephones on one side and the 
Post Office on the other, and the obvious remedy is 
for the telegraph men to attack the telephones and make 
war on the mail-bags. Hence the advice in the adver¬ 
tisement, “Don't write—Telegraph." The!l*e'are also 
night-letter telegrams and various other devices to 
divert correspondence to the telegraph wires, especially 
during the ebb-tide when tlie volume of telegraphic 
traffic is low. 

Clearly this advertising shows that the Western 
Union telegraph plant is not being used up to its 
capacity; and that is the position with aU telegraph 
Ad mini strations. ^ Theire is a shortage of telegrams 
and there is no' shortage of telephone messages. Un¬ 
fortunately it is not much use to advertise the telegraph 
service while it is deAr, slow and inaccessible. When 
the t^egraphs‘ become as cheap^ quick and accessible as 
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the telephones, the telegraphs will not have so much 
need to advertise. 

The chief complaint is about the slowness of the 
telegraph service, and the complaint is world-wide. For 
instance, a paragraph in the Telegraph and Telephone 
Journal for June 1924 says :— 

The annual report of the P.M.G. of Australia shows 
a loss on the telegraph branch of some £78 000 on the 
year 1922—23. Out there, as here, the speedier delivery 
of telegrams is a problem not yet solved. It is, however, 
noted tliat a distinct promise of an acceleration in that 
direction has been made.” 

Tins demand for greater speed has a deep economic 
significance, and it may be pointed out, in passing, 
that the idea of doing things quickly is modern, and it 
exists only in highly industrialized communities. Some 
years before the war when I was in Moscow, I was told 
that ” Time is not money in Russia.” I was also told 
that ” The Lord God has plenty of time.” .However, 
the Russians are adopting modern habits, and all over 
the world ” manana ” is giving way to ” pronto,” 

The explanation of this modern haste lies in the fact 
that a profit of a shilling an hour is better than a profit 
of a shilling a day. In other words, tire faster one does 
business the more business one will be able to do and 
the greater will be one's annual dividend. Every 
business man knows that, and every business man loiows 
how profitable it is to use the telegraph and telephone. 
The telephone saves a colossal amount of time, and is 
one of the main factors in the vast production of modem 
wealth. The telegraph, the senior service, helps, but 
not to anything like the extent that it ought to do. 

Examples of this speeding up of business may be 
found throughout eveiy** community, and an amusing 
instance is the speeding up of moving pictures so as 
to get more programmes through and to get more audi¬ 
ences squeezed into one day. This gives a bigger turn¬ 
over in audiences and a bigger profit on the day. 

In th^ language of political economy an essential 
p^ of the process of division of labour is exchange of 
the goods produced, and anything that increases the 
velocity of that exchange facilitates the division of 
labour which is one of tlie two great factors in the pro¬ 
duction of our modem wealth. 

In this speeding up of the turn-over, the telephone 
and telegraph play a very large part, but the telegraph, 
for various reasons, has lagged behind. Recent develop¬ 
ments, however, witli which this paper deals, indicate 
a great extension of the telegraph service. The busi¬ 
ness man wants to speed up business, and for Idiat 
purpose hb needs a vastly improved telegraph service, 
and he is going to get it. He will have to pay for it; 
but the profit is so great that he will pay gladly when 
he gets accustomed to the price. By business men I 
mean not only individuals but organizations, merchants, 
^anks, stockbrokers, factories, railways, farmers—^in 
fact the whole financial and industrial community. 

(2) Telephone versus telegraph ,—^In order to get an 
idea of tlie possibilities of telegraphy, it has to be remem¬ 
bered that there are only two practi9able methods of 
communication—by the ear, and by the eye. We, can 
talk and we can write; we can telephone and we. can . 
telegraph* At present the telephone has no effective 


rival, it has interwoven itself into the industrial life 
of the world to an extraordinary degree, and to a sub¬ 
stantial extent it is doing work that the telegraph could 
do better, especially over considerable distances; but 
for a variety of reasons the telegraph has not been able 
to stand up against the competition of the telephone, 
and the result is that the telegraph has been cramped 
and stunted between the competition of the telephone 
service and the postal service. 

This stunted growth of the telegraph is economically 
unsound. It is not good for the community, and it is 
also certainly not permanent. It has been due essentially 
to the imperfect development of the telegraph plant. 
It is true that the telephone also is only now reaching 
the machine stage; but the telephone has always had 
the great advantage that the transmitting and receiving 
mechanisms, the human tongue and the human ear, 
cost nothing, are ready made, and are highly perfected 
and capable of an}^ speed up to about 150 woa*ds a minute. 
All the telephone engineer had to do was to provide 
wires and suitable switching arrangements and extremely 
simple transformation devices to catch and reproduce 
the human voice. The telegraph engineers, on the other 
hand, were heavily handicapped by the burden of 
having to make satisfactory machinery that would 
typewrite at a distance. This proved to be a very 
difi&cult task, and although printing telegraphs have 
been in existence for 50 years, the business-man's 
printing-telegraph has only been perfected during the 
last few years. The reasons will be given later. This 
is the one and only important reason for the backward 
condition of the telegraph compared with the telephone. 
We realize this fact at once wh^n we consider that if 
we could all speak the Morse Code language the tele¬ 
graph would not be the Cinderella of communication. 
It is only now that this handicap is beginning to be 
removed, and speeding up the telegraphs, or, more 
strictly, speeding up the transit of telegrams, has begun. 
This perfecting of the telegraph machinery will be 
dealt with presently. 

It is, 'of course, hopelessly idealistic to suppose that, 
for moderate distances, the telegraph ftan ever be as 
quick and as intimately connected with the life of the 
community as the telephone ; but we are safe in assuming 
that in 16 or 20 years business men will have at their 
disposal a telegraph service, by wire and wireless, far 
quicker and more accessible than at present, and progres¬ 
sively cheaper than the telephone fox* distances exceeding, 
say, 50 miles. If business men could telegraph over dis¬ 
tances exceeding 60 miles more easily and quickly and 
cheaply than they can telephone (and that will be the 
case by and by) what would be the result ? Clearly the 
new facilities would create much new trafiS.c; but, in 
addition, many messages now going by telephone would 
go by telegraph, and also a great many letters that now 
go by mail would go by wffe. The telephone has great 
advantages over the telegraph, but a perfected tele¬ 
graph network would have other great compensating 
advantages over the telephone. We must type as well 
as talk; we. must, teletype as well as teletalk. A tele¬ 
phone message is, a voice, and nothing mpre—a sound 
leaving no record. IJothing is more evanescent. TThere 
are sound-recording .machines, but the soundS are still 
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soiinds, and there is no conceivable mechanism, outside 
of the human brain, that will translate a sound-message 
into a sight-message. It is sight-records and not sound- 
records that we need for business purposes, because they 
occupy so little space compared with any sound-record 
and are so much cheaper. They can also be glanced over 
so quickly and read at the rate of 300 words a minute. 
Business demands speed, and we must t 3 q)e and telet 3 q)e 
when records are needed. Civilization began when we 
started to write, and modern civilization began when 
we started to type. Now we are starting to t 5 ^e by 
telegraph on a large scale by modern mechanisms. 

(3) Weaknesses of ike telephone .—Not only is a tele¬ 
phone message merely a passing sound, but also in order 
to gain its undoubted advantages it has to be exceedingly 
wasteful of signalling material. This is readily seen when 
we examine the vibrations or signals that have to be 
transmitted over two telephone wires for a single word, 
say “ Paris,'* compared with the vibrations or signals 
required to transmit over one telegraph wire the same 
word in the five-unit alphabet. 

In Fig. 1, A is an oscillograph record of the electric 
oscillations in a telephone circuit when tlie word 
" Paris " is spoken rapidly into a telephone receiver. 
I am indebted to the Post Office Research Station at 
DoUis Hill for this extremely instructive oscillograph. 

B (Fig. 1) is a timuig record with a frequency of 
1 000 cycles or vibrations per second. On B therefore 
100 waves mark off second, and it will be seen that 
the word Paris '* spoken rapidly into the telephone 
occupied about second, or 1/18th of a second per 
letter. (Five letters and the space after the word, or, 
in all, six letters, aife taken as the standard word.) 
Dividing 60 seconds by 1/18 we get 1 080 letters or 
.180 words a minute. The number of waves or cycles 
required to transmit the word " Paris " telephonically 
was 365. 

Immediately below, in C (Fig. 1), there has been 
marked off the number of cycles in B required to trans¬ 
mit the word ** Paris " in a telegraph wire by the five- 
unit alphabet. As start-stop printers use whabis really 
a seven-unit alphabet, we multiply the six letters of the 
standard word by seven, thus getting 42 units, or 21 
waves required to transmit the word Paris '* tele¬ 
graphically by a start-stop printer, compared with 365 
waves required for the telephonic transmission of the 
same word. It is to be noted that 365 is an average 
figure, including the low as well as the high frequencies. 
For a real comparison with the telegraph we have to 
take the highest frequency that must be used to transmit 
clear speech, and not the average. If we take this 
average of 365 cycles for the five letters of the word 
“ Paris,": we get 75 cycles per letter, compared with Si- 
cycles for the telegraph, a ratio of 21 to 1 in favour of 
the telegraph. 

In D (Fig. 1), I have given the word " Paris " in the 
seven-unit alphabet transmitted in the same time as 
the telephone word. This again illustrates the advan- 
tege of the telegraph in the fewness and slowness of 
its signals compared with the telephone. Obviously 
this handicap in signalling places the telephone at an 
extreme disadvantage compared with the telegraph 
so far the line is concerned, and the longer the line | 











A FORECAST OF THE NEW TELEGRAPHY. 


249 


the greater the handicap. Wonderful devices are 
used by telephone engineers to overcome this draw¬ 
back ; brit the same devices can be used'in telegraphy, 
and nothing can remove the handicap. 

Another way of comparing the telephone and tele¬ 
graph, so far as line signals are concenifed, is to use tlie 
following information, for which I am also indebted to 
Dollis Hill 

" The question of the lowest and highest frequency 
necessary for good speech is very largely dependent 
upon the quality of speech required. The following 
figures show the order of values ;— 

(1) Complete unintelligibility occurs with the elimina¬ 
tion of all frequencies above 500 cycles or below 2 000 
cycles per second. 

(2) Experts can carry on a conversation with all 
frequencies either above or below 1 000 cycles eliminated, 
but the quality is poor. 

(3) The most important range is from about 600 to 
1 200 cycles. 

(4) For good quality commercial speech it would 
probably be advisable to cater for all frequencies 
between 200 cycles and 2 000 or 2 500 cycles per second, 
while for perfect reproduction and for music 100 to 
5 000 cycles at least are necessary. For the generality 
of cases 800 is an accepted frequency which can be used 
to represent speech frequency.'' 

As tke weakest link in the chain is the determining 
factoi-, we have to take the lowest limit of the highest 
frequency required for clear speech; that is 2 000 
to 2 500 cycles, or, say, 2 400 cycles per second. 
Multiplying this by 60 gives us 144 000 waves per 
minute. Dividing this by tlie waves per letter used 
by start-stop printers, we get 41 140 letters, or 6 850 
words per minute if we used the same frequency for 
telegraph work. 

The telephone will not give more than ISO words a 
minute; and actually the average rate is probably 
not in eSicess of 120 words a minute. A skilful public 
•speaker does not exceed about 120 words a minute if 
he is wise, and the rate of the average speaker is about 
150 words a minute. It is possible to read silently 
at the rate of about 300 words a minute. Normal 
conversation is extremely rapid, and runs up to about 
200 words a minute ; but such a high speed is impossible 
on the telephone, because a little more effort is required 
to speak into the telephone and there is also more effort 
to hear what is said. Taking the telephone speed, 
however, at the very favourable figure of 150 words 
per minute, we find, on dividing 6 850 words per minute 
by 150, that the telegraph is 45 times more efficient 
than the telephone so far as the utilization of the line 
signals is concerned. Even if we come down to what 
Dollis Hill calls poor-quality speech, namely the 
1 000-cycle limit, the telegraph is still 19 times more 
efficient than the telephone so far as the line is concerned. 

This calculation can be put in another form as follows : 
Taking the standard word as composed of six letters 
(including the space), 150 words a minute is 15 letters 
per second. Taking our upper limit of frequency for 
clear speech over the telephone, namely, 2 400 cycles 
per second, and dividing by 15, we get 160 cycles per 
letter for the telephonic liansmission of intelligence. 


In telegraphy the rate per letter, using the five-unit 
alphabet, is 2j cycles, or 3| for start-stop printers. 
Dividing 160 by 2J we get a ratio of efficiency of 64 to 1, 
or with 3 J cycles, 45 to 1, as before. 

This takes into account only the handicap of fre¬ 
quency. The telephone, however, also depends largely 
on varying amplitude of vibration. There are hundreds 
of different amplitudes with the telephone and only 
one amplitude with the telegraph. Hence, if we take 
amplitude as well as frequency into consideration, we 
shall probably be within the mark in saying that there 
is a handicap of 100 to 1 on the telephone compared 
with the telegraph, so far as the line is concerned. 

I have gone at length into tliis comparison, because 
the whole future of the new telegraphy depends upon 
it. The figures quoted make it clear why the telegraph 
can be so much cheaper than the telephone when distance 
becomes an important factor. 

For the information of many non-technical people 
who, I hope, will read this paper, I may mention that 
there is a practical limit to the rate of electrical vibra¬ 
tion and also to the variation of amplitude that can be 
transmitted over any given size and length of wire, and 
the longer the wire the lower the limit. It is this fact 
that imposes a handicap of 40 or 50 to 1, and even 100 
to 1 on the telephone compared with the telegraph. 

With the telephone the risk of error is great, because 
the electric currents representing the voice not only have 
a very high periodicity but also are extremely feeble. 
They are likewise very delicate, because varying ampli¬ 
tude is an important factor. To shut out disturbances 
which would ruin these extremely delicate telephone 
vibrations, it is necessary to use h loop made up of two 
costly telephone wires for one message. Also it is only 
possible to speak on the telephone simplex; that is to 
say, a man cannot talk and listen to the telephone at 
the same time. The telegraph can do so. It can work 
duplex, and the "single-operator duplex " is going to 
be important by and by. Consequently, the limit of 
speed on the two costly telephone wires is 150 words a 
minute,*’that is to say, 75 words a minute on one wire. 

It is true that by various ingenious devices several 
telephone circuits can be so linked up as to give addi¬ 
tional telephone circuits, and there is also the " carrier 
current" system. But we can apply to telegraphy'all 
these expedients of telephony, including Pupin coils 
and valves and tone frequencies, the result being many 
times greater carrying capacity with telegraphy than 
is now obtained. The position, therefore, is that, for 
working at 150 words a minute by telephone we need 
two costly telephone wires, that is to say, a telephone 
loop, or 75 words a minute on one good wire. The 
telegraph, on the other hand, only requires one wire at 
about half the cost of the telephone wire, and will give 
240 words a minute each way simultaneously, or 480 
words a minute in all, on the one cheap wire. This is 
from 12 to 16 times more than the telephone can do, 
and the consequence is either a correspondingly greater 
carrying capacity for the wire, or a correspondingly 
greater distance covered. It means that for any con¬ 
siderable distance, and particularly for long distances, 
the telegraph is far cheaper than the telephone. It 
is for this reason ctdefly that the stunted ^owth of 
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tlie telegraph is economically unsound. There is also 
the great advantage with the telegraph process of being 
able to store up telegrams in order to send them at 
opportune times. 

There are other serious handicaps to the telephone. 
For instance, it is impossible to talk in the absence of 
one of the parties to the conversation, and it is often 
a waste of time to have to receive a telephone message 
personally. In this respect telegraph printers offer 
the notable advantage of recording messages in the 
absence of the addressee, thus avoiding interruption of 
work and delay, the messages being stored automatically 
until an opportune moment arrives. Writing or typing 
a menage saves much time. A business man in the 
morning finds a pile of letters opened by his secretary 
ready for him to read and reply to by the aid of his 
stenographer. In an hour he can dispose of matters by 
letter that would take him all day, even if possible at 
all, by telephone. 

A letter is a great time-saver. We can dictate a letter 
when we please and when we have time, and tlie dicta¬ 
tion can be interrupted by more urgent work and no 
harm is done. We have time to think when dictating 
a letter. Also the recipient is saved a great deal of 
time. • He can glance through a dozen letters in the 
time that he would receive one corresponding message 
by telephone, and he can deal with letters at any time 
and in any way he pleases. He also has time to think 
about them and hunt up information. Under suitable 
conditions many of such letters could be sent by tele- 
paph with great saving of time and without diminish¬ 
ing the foregoing advantages. It would not be prac¬ 
ticable to send such letters by telephone. It would be 
too costly, except over short distances for which the 
post is better, there would be no typed record, and the 
possibilities of mistake by telephone are too great for 
commercial security. 

The telephone, in its own way, is also a great time- 
saver, especially in getting an answer back forthwitli; 
but let me repeat: We must type as well as talk; we 
must teletype as weU as teletalk, and the reasonably 
perfect telegraph service, as good as the telephone, 
such as we expect to see in 15 or 20 years, will certainly 
do a lot of work weU, now done by the telephone badly. 

(4) Other competitors of the telegraph.--^1^ the first 
paragraph quoted at the beginning of this paper refer¬ 
ence was made to the competition that the telegraphs 
have to suffer from wireless and the air mail. This is a 
xmstake. It is true that wireless offers great possibili¬ 
ties for rapid communication. Wireless, however, 
considered from the point of view of this paper, has 
only indirect connection with telephone and telegraph 
work. It is really a remarkable substitute for telegraph 
and telephone wires and submarine cables, and it 
multiphes the facilities for the use of the telegraph and 
telephone. A telegram is a telegram whether it is 
sent by wire or wireless, and wireless need not, therefore, 
be further considered in this paper. 

So far as the air-mail service is concerned, it cannot 
compete, with the telegraph except for handling docu¬ 
ments. In this particulax respect, aeroplanes may help to 
empty the ordinary mail-bags, but the risk of loss of valu¬ 
able documents is too great in the case of aeroplanes; 


and for urgent communications such as are suitable for 
telegraphy the aeroplane has no chance in competition 
with the telegraph. Take London and Paris; under the 
most favourable conditions it takes about 4 hours for a 
letter posted in London to reach Paris by air mail. 

The actual time of transit at the present day is as 
follows 

Charing Cross to Croydon Aerodrome, aibout 40 
minutes; Croydon Aerodrome to Paris Aerodrome, 
about 2J hours ; Paris Aerodrome to Paris, about 30 
minutes; Total time of transit, about 3 hours 40 
minutes. 

This takes no account of the time required to make up 
the mail in London and to deliver the letter in Paris. 
Taking the total time at 4 hours, only 20 minutes would 
be allowed for posting and delivery. The speed of 
commercial aeroplanes is only about 80 to 90 miles 
an hour, and even this speed is greatly affected by the 
wind. If we reckon 100 miles an hour for the aeroplane, 
it would take more than an hour to post, transport and 
deliver a letter between London and Birmingham. 
With the new telegraphy between London and Bir¬ 
mingham, a message would go through from typist 
to reader in about 2 minutes, and a reply would go 
back within another 2 minutes if the subject-matter 
permitted an immediate answer. A properly developed 
system of telegraphy would deliver a long telegram 
from a correspondent in London to a correspondent in 
Paris within 10 minutes. The new telegraphy has 
notliing to fear from the air mail. 

So far as the postal service is concerned, the funda¬ 
mental advantage is the extremely clieap rate of postage, 
lid. per letter, and the letter may contain several 
thousand words if closely typed on thin paper. One 
reason for this cheapness is that the paper and envelope 
of an ordinary letter are not supplied by the Post Office, 
and the labour of writing or typing the letter is not 
done by the Post Office. There is distinct material- and 
labour-saving in this, or, more strictly, a transfer of 
labour and cost of material from the Post Office to the 
individual or firm, just as automatic telephones transfer 
the labour of making a connection from the telephone 
girl to the subscriber. It will be seen that the new 
development of the telegraphs foreshadowed in this 
paper will effect the same transfer of labour from the 
telegraph administration to the individual or firm. 
Another advantage of the postal service is that cheques 
and other documents that cannot be telegraphed or 
telephoned can be sent easily and cheaply by post. The 
^eat handicap of the mail, and one main reason for 
its cheapness, is its extreme slowness, at t£e outside 
60 mfies an hour on land, and by sea not more than about 
26 mil^ an hour, and even by aeroplane not more than 
an hour. For short distances within city 
limits this drawback is trifling and, on account of the 
extreme cheapness of the service, all communications 
that can stand a few hours* delay will always go by 
post within city limits. The greater the distance, 
however, the greater the advantage of the telegraph 
for messages requiring speedy delivery. 

There is appropriate work for each of the three ser¬ 
vices of communication, the post, the telegraph and 
the telephone, ^There are certain things that each 
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can do better than the other two, and during the next 
quarter of a century the telegraph will recover ground 
which, through transient causes, has been lost to the 
telephone and postal service, 

(5) The defects of the telegraph service .—The defects 
of the telegraph service are not appreciable to the 
average man, and it is not until we begin to consider 
how the •telegraph service might be improved and how 
inferior it is compared with the telephone, that we 
realize that it is slow, costly and inaccessible. For 
moderate distances the telephone is as cheap as the 
letter post, and we can get through to anyone we want 
in a minute or two. The telephone is quick, cheap and 
very accessible. At my desk I am in close, quick and 
cheap touch with London, thanks to tlie telephone, 
and I ought to be in similar touch with the world by 
telegraph, but I am not. The telegraph does not possess 
the close linkage enjoyed by the telephone with the 
business world. It is true that I can telephone a tele¬ 
gram to the Central Telegraph Office, and so speed up 
tlie telegram to some extent; but at the Central Tele¬ 
graph Office my telegram or cablegram has to do a 
lot of “ circulating before it' reaches the point of 
departure over the telegraph line or the ocean cable, 
and at the other end it has to do more ** circulating 
before reaching its destination. The telephone-tele¬ 
gram, or, as the British Post Office calls it, the ** phono-, 
gram "^service is a valuable facility for an occasional 
telegram or cablegram ; but it is a nuisance if one has 
to send many telegrams, and it is far from accurate, 
unless the message is repeated and the words spelled 
out analogically, " Tfor Tommy, H for Harry, 
and “ Efor Edward. That makes it irritatingly 
slow when sending many telegrams. The telegraph, 
with proper machinery, could beat tlie phonogram with 
ease when numbers of messages are concerned. Obvi¬ 
ously, compared with the telephone, the telegraph is at 
present very inaccessible, and it is nothing like so 
quick. IJ is cheaper for long distances, but dearer for 
short. 

The defects of the telegraph are clearly not due 
to lack of circuit facilities. There are enough telegraph 
circuits to carry more than double the present available 
traffic. There are, indeed, excessive circuit facilities, 
as will be explained presently. It will be found upon 
investigation that the shortcomings of the telegraph 
service are due almost entirely to defective terminal 
facilities. The patient’s condition may be diagnosed 
as '' excessive circuit facilities and defective terminal 
facilities.” Fortunately the prognosis is favourable. 
The terminal facilities are going to be greatly improved 
in the course of tlie next 25 years, and the resulting 
increase of telegraph traffic will absorb the excess of 
circuit facilities. 

Looking at the telegraph situation to-day, we see good 
organization and capable management; but we. also 
see excessive development of circuit facilities, due to 
competition and to international jealousies and to 
unforeseen technical improvements. Side by side 
with the complaints about the unsatisfactory condition 
of the telegraph service, there are many reports in the 
Press about more telegraph cables to be laid. New 
and wonderful permalloycables are being made 


to give 300 words a minute instead of 30 across the 
Atlantic; the nations are insisting upon having their 
own cable and wireless services ; and investors are 
beginning to wonder where the traffic is to come from 
to pay interest on the heavy capital expenditure. 
Another important element in the creation of excessive 
circuit facilities is the. widespread provision of telephone 
trunk lines, each composed of two wires; and the 
ease and cheapness with which telegraph circuits can 
be created by superposition on these telephone trunk 
lines adds to the present superfluity of telegraph cir¬ 
cuits. Telegraph-circuit facilities are also increasing 
to an extraordinary extent in consequence of technical 
developments in radio-telegraph)^ which have . shed 
new light on the solution of old telegraph problems, 
and have shown how to split up one wire into 10 or more 
channels. There are phantom circuits, superposed 
circuits, carrier-current circuits or wired-wireless tele¬ 
graphy giving wonderfully increased carrying capacity ; 
and quite distinct from this are tone-selective methods 
or harmonic telegraphs, which appear at last to be 
getting on to a practical basis. Then, in addition, we 
have wireless telegraphy constantly improving its 
methods and range and practical carrying capacity. 
Some time ago that wise old institution, the British 
Post Office, seeing how matters were developing, altered 
the wording of its contracts for leasing wires by inserting 
the words ” channel of communication ” instead of 
” wire,” so as to reap the benefit of the rental of, say, 
10 or more channels into which, one wire may now be 
split up. It is probably not an exaggeration to say 
that the present telegraph plant of the world, wire and 
wireless, can handle twice the present volume of traffic; 
and technical developments, now past the experimental 
stage, can multiply the present telegram-carrying 
capacity by 10. In otlier words, tlie telegraph circuit 
facilities of the world are, on the average, at least twice 
as great as the available traffic, and these facilities, 
by the expenditure of 15 to 20 millions sterling, can 
be increased sufficiently to handle from 16 to 20 times 
the present traffic. 

But these wonderful facilities suffer from a grave 
defect. They do not link up closely with the business 
man. The telephone does, and the telegraph does not. 
The telegraph has to get the assistance of the telephone 
to complete the linkage. That is quite satisfactory 
for the occasional telegram and for the private and 
domestic message; but big users of the telegraph 
require something better. They need a telegraph 
linkage that will put them directly in touch with their 
correspondents, just as tlie telephone does. The really 
important part of the telegraph traffic is that devoted 
to business, and this paper is concerned chiefly with 
business telegraphy. 

There is another important point to be borne in mind 
when considering future telegraph developments, and 
that is the underground cable. The world cannot afford 
to have communication between its great cities inter¬ 
rupted by the weather. Within comparatively few 
years all big cities will be connected by underground 
cables both for telegraphs and telephones, and this, 
will alter the aspect of circuit facilities. Underground 
cables give conditions which are so. stable aed so free 
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from (^sturbance when loop circuits are used, that circuit 
facilities depending on the use of feeble high-frequency 
vibrations will become much more usable than they 
are at present. Aerial lines have to be employed as 
loop circuits like telephone lines to get satisfactory 
results by these new high-frequency methods, and it is a 
very interesting question whether such high-frequency 
aerial-loop circuits can show any commercial advantage 
over the ordinary multiplex. On underground cables, 
however, the conditions are very favourable, and atten¬ 
tion is being directed to the question of using carrier- 
current methods, or, more strictly speaking, voice- 
frequency or tone-selective telegraphy for underground 
wires. American engineers—including particularly those 
of the Western Electric Co. and the American Telegraph 
and Telephone Co.—^who have achieved such remarkable 
results with the carrier-current principle, have also 
emplqjred these voice-frequency methods ; and Siemens 
and Halske in Germany have worked along similar lines. 
The latter have issued an interesting pamphlet describing 
^eir system of Tonfrequenzwechselstromtelegraphie.^' 
Using only telephone frequencies, fair distances can be 
sparmed without repeaters by such systems, and, by 
employing the multiplex on each tone-selective cir¬ 
cuit, two wires could provide 40 traffic channels. In 
the case of the Siemens and Halske system, the pressure 
used on the line is only 1 volt (underground circuits being 
free from weather and other disturbances), and there¬ 
fore no tiouble is caused in neighbouring telephone 
loops in the same cable. ^ 


• Plaia multiplex, working duplex, car 

give 1- channels on a single wire without difficulty, and 
there is nothing inherently impossible in working the 
ordinary multiplex up to 12 channels each way simul- 
tanMusly on one stable circuit such as an underground 
? should the improvement of terminal 

lacihties create a demand for increased circuit facilities 
Indeed there are grounds for contending that for the 
wir^spUtting required by the new telegraphy, the 
unaided multiplex is superior to any other method on 
lines of considerable length. 

(6) They arise from lack of terminal fMilities — 
-'Uthough telegraph circuit facilities greatly exceed 
present requirements, there is one respect in which the 
tele^aphs are very deficient, and that is in terminal 
facilities, or, in other words, in machinery, which in 
most countn^ is stUl old, inefficient, clumsy and stupid. 
N^o doubt this will provoke a smile, and people will say 
mat I, as a telegraph machinery merchant, am nain g 
the shoemaker’s argument that there is nothing like 
leader. It m true, nevertheless. The terminal fadhties 
^e bad and incomplete, and it is because of the defective 
terminal faciUties that tiie telegraph lags so far behind 
ae telephone. Also, a large portion of telegraph traffic 
IS still handled by the morse key. That is the same thing 
^ usmg a pen. We have to use a pen to sign letters, 
and the morse key will always be with us ; but letters 
nowadays, and the typewriter keyboard 
^ould be as supreme in telegraphy as it is. in business. 
That conchtaon is coming rapidly. It is in fuU flood in 

significant developments 
.m the United States that I want to caU special a^ntion 
■this everang. The era is beginning when typewriter' 


keyboards in the offices of business men will not merely 
^e letters, but will type and transmit telegrams 
direct to correspondents in any part of the world. 
At last the missing link will have been supplied, and 
the tele^ph service will secure the direct connection 
with business that has been so long the monopoly of die 
telephone. 

In certain cases this is not a new development. For 
tee past 10 years at least, tee distribution of news, for 
instance, has been linked up directly from tee news 
centres to tee newspapers, and tee news distributing 
network in English-spealdng countries is clieap and quick 
^d highly efficient. Also stock and exchange brokers 
in big centres like London and New "york have not much 
to complain about, though the telegraph service will 
be improved, even in their case, by tlie increasing use 
of the typewriter keyboard. It is in connection wite 
tee banks, the big financial houses, large hotels, big 
stores, tee railways, great industries and manufacturing 
plants, and, above aU, tee great farming industry, that 
a quicker, cheaper and more accessible telegraph service 
IS badly wanted. 

_ It is true teat tee telegraph has already been brought 
mto offices and factories, but only to a relatively small 
extent. There are many firms using rented telegraph 
•wires wite morse key and sounder and morse operators, 
especiaUy in tlie United States. In this country, stock¬ 
brokers and other firms use the telegraph to some extent; 

. hampered by the necessity of employing 

• a skilled morse operator at each end of the line, and they 
cannot ring up anybody by telegraph, as teey can bv 
telephone. In other words their telegraph service is 
poor. It is cribbed, cabined and confined to one corre- 
^ondent. Even now, stockbrokers, for instance in 
Glasgow, are each glad to pay nearly £4 000 a year for 
a private telephone line to London, -though the telephone 
IS notonously bad for transmitting figures. A telegraph 
wire wdth the morse key would be cheaper, but it would 
be too slow. Competition is keen and a delaw of 2 or 
3 seconds in getting prices from London will'result in 
business going to a competitor. There is also the 
coiuiiderable cost in wages of a morse operator at each 
end of tee line. 

Part 2. 

The Twin Remedies. 

(1) Start-stop printers .—^The defective terminal facili¬ 
ties are due to a variety of causes; amongst others, to 
lack of faite and foresight on the part of telegraph 
Mmmistrations, and to a determination to bvfV cheaply 
by encouraging competition to such an extent teat 
telegraph manufacturing does not pay. There is a 
natural tendency on the part of big consumers to en¬ 
courage wmpetition amongst manufacturers who supply 
teem. The officials in the Reichspostamt in Berlin, 
long before the war, told me they Uked to encourage 
competition, as teey did not want tee Reichspostamt 
to be at tee mCTcy of one firm. This is tee old Roman 
policy of Divide and Conquer," and certainly printing 
telegraph inventors and manufacturers are a conquered 
race of helots who have made no particular profit up 
to tee present out of printing telegraphy, or at least no 
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profit ixi proportion to their efforts and to the service 
h-av^e rendered* This has resulted in telegraph 
development work being starved and stunted. Also 
the inventive and development work has been very 
intricate and deceptive. Arrangements generally recog- 
nized as excellent have proved to be hopeless in practice ; 
and other solutions, that looked unpromising, have 
proved ±o be good- Eack of capital, lack of experience, 
lack of knowledge of the best ways, have all put the 
brake on progress until comparatively recently. Printing 
telegraphy has been a tropical jungle, with the axe in 
use all -the time, and no compass and no map. It is 
only within the last 10 years that the multiplex in its 
modern form, with typewriter keyboards and speeds to 
correspond, has won acceptance as the best machinery 
for trunk-line telegraphy ; and it is only within the last 
2 or 3 years that the second great step, probably the 
greatest step of all, has been taken in the successful 
development of start-stop printers. It is only just 
dawning on the telegraph world what an immensely 
important thing the start-stop printer really is, and that 
it is the long-sought missing-link which will complete 
the telegraph network and give tlae world a really 
efficient telegraph service corresponding to the highly 
satisfactory telephone service to which we have been 
accustomed for years. It is true that in some countries 
the telephone service is not efficient; but that is not the 
fault^of the inventors and manufacturers. The equip¬ 
ment is available. In the case of the telegraphs the 
'equipment has not been available until now. 

Before dealing more in detail with the start-stop 
printer special attention must be devoted to the question 
of using start-stop printers like tlie teletype, tlirough 
telephone exchanges or through special teletype 
exchanges. Telephone experts infonn me tliat there 
are grave engineering objections to the employment of 
telegraph machines through a telephone exchange; 
but these difficulties are not insuperable. During a 
recent wisit to Paris, I was informed that'a telephone 
engineer in the French Administration had devised a 
very simple instrument which would enable the teletype 
to be worked tlirough any telephone exchange. I was 
also informed that a second device for the same purpose 
had been invented in Pans, I have no details, but I 
suppose it is done by that modern lamp of Aladdin, 
the valve, which enables very feeble currents to be used. 
In France considerable importance appears to be attached 
by technical men to this possible development of using 
the teletype in conjunction with the telephone for 
working through telephone exchanges; but it would 
appear be better in all respects to have separate 
teletype exchanges. (I may explain here that in this 
paper I am using the word teletype more or less as 
a generic term. What is said, of course, applie.s equally 
well to any other printer designed for tlie conditions of 
the service.) 

Apart from the engineering difficulties, one argument 
that has b>een advanced against the use of the teletype 
or otlier start-stop printers on telephone lines, is that 
such an arrangement would load up the telephone wires 
in a very imdesirable manner. Subscribers to the 
telephone se^ce buy the right to communicate with 
other subscribers, and if the other subscribers block up 


their wires with teletype as well as telephone communi¬ 
cation, the result will be either that there will have to 
be special telet37pe as well as telephone wires, or the 
engaged signal will be heard much oftener than now and 
subscribers will not get what tliey pay for, namely, quick 
telephone service. 

There are two answers to this argument. In the first 
place, if a subscriber loads his telephone line to such an 
extent that otlier subscribers have difficulty in getting 
tlirough to him, the proper remedy is for him to get 
anotlier telephone line, and in fairness to other subscribers 
the telephone authorities quite rightly insist on his 
doing so. The other answer is that the use of the tele- 
t 3 q>e will not in this generation exceed, say, 5 or 10 
per cent of the telephone calls, and the effect of this 
on the telephone traffic load would be trifling—and it 
would be much less if the subscribers maldng much use 
of the telet 3 q)e had separate wires. 

(2) The teletype exchange, —Evidently, however, the 
separate teletype exchange is the best arrangement; 
but this does not mean that there will be separate 
telet 3 ^e exchange buildings. The telegraph traffic 
would not warrant such expense, except in a few special 
cases. By a separate teletype excliange I mean a small 
separate section in a telephone exchange devoted exclu¬ 
sively to start-stop telegraph circuits. It will be seen 
that such provision for teletype work will be sufficient 
if we realize that a total of 60 000 teletype exchange 
subscribers in London would probably not be reached 
for many years, though much will depend on the price 
of the teletypes. If they ever come down to tlie price 
of typewriters (and tliis is a possibility within the next 
25 years) the number of teletypes in use would grow 
immensely, and no business man could afford to be 
without a telephone, a teletype, a typewriter, and a 
typist. The problem of the next year or two, however, 
will be to provide for perhaps 1 000 or 2 000 teletype 
subscribers. To this number would be added tlie local 
post offices and telegraph substations, telegraph offices 
in big hotels and stores, and also a big central teletype 
exchange at tlie Central Telegraph Office in London, 
for handling all the telegraph traffic reaching that 
office. Clearly 1 000 or 2 000 teletype subscribers divided 
over 100 telephone exchanges in London would not 
cause much inconvenience by the requirement of a 
special teletype section, and even 60 000 teletype sub¬ 
scribers would only average 600 for each exchange. 
On the otlier hand, probably most of the teletype sub¬ 
scribers would be concentrated in the City, and it would 
be cheaper and quicker to take them direct to the 
central teletype exchange at the Central Telegraph 
Office, 

The telet 5 ^e exchange equipment would be substan¬ 
tially the same as for telephones, and, as the maintenance 
and supervision would be the same and by the same 
staffs, the cost of a teletype section in a telephone 
exchange would therefore not be great. 

Although there are engineering difficulties in working 
telegraph apparatus through telephone exchanges, it 
ought to be practicable for a subscriber having one tele¬ 
phone line and a teletype to ring up the telephone 
exchange and say teletypes." He would then be 
plugged through to the .telet 5 q)e section, and it would 



254 


MURRAY; SPEEDING UP THE TELEGRAPHS: 


appear to be a simple matter for the teletype section 
to cut off his telephone loop completely from the tele¬ 
phone exchange and connect it to the telet 3 T)e section. 
Wiring alterations would have to be made, but the 
alteration for each subscriber ought not to be great or 
costly. The subscriber having got through to the teletype 
section, a switch in his of&ce would enable him to cut out 
the telephone and cut in the teletype. He would then 
telet 3 rpe to the teletype exdiange stating his require¬ 
ments, and he would be put through in the samA way 
by the aid of the telephone in the case of a local call, 
or direct to the central teletype exchange for a trunk 
or long-distance call, and he would then have his message 
typed direct at its destination. The sine qua non for 
improvement of tlie telegraph service is close co-opera¬ 
tion between the telegraphs and the telephones, and the 
foregoing teletype call is an illustration. 

(3) Resulting in the new telegraphy .—The telet 3 T)e 
exchange plan, if it succeeds, will in time effect a complete 
revolution in telegraph methods and organization in 
head telegraph offices, especially in large cities, which 
provided with automatic telephone exchange 
equipment for the teletype exchange. The telegraph 
operator belongs to a doomed profession and he will 
disappear, for the same reason that the telephone girl 
is being driven out by the automatic telephone switches. 
On the other hand, there will be an increase in the number 
of eugineers, and gangs of mechanics will wander about 
in the^ otherwise silent and deserted galleries at St. 
Martin’s-le-Grand, and the screwdriver and the soldering 
iron will take the place of the morse key and sounder. 
The general public will continue to write out their 
occasional telegrams and hand them in at the nearest 
telegraph office. There, caUs will be put through to 
G^gow or Manchester or elsewhere, and the telegrams 
will be teletyped direct to their destinations. Every 
hotel and public place will have a teletype for delivery 
and reception of telegrams. Tha-e will be teletype call- 
c^ces or pay-stations at hotels, big stores, underground 
stations, post ofiSces and other convenient centres, where 
it will be possible to use the teletype on similar terms 
to the telephone in similar chcumstances, namely 
payment of a sum according to time and distance. 

The telet 3 rpe can be left ready for receiving messages 
all night. Unlike the telephone, the teletype records 
messages without human assistance, and when the 
comes to his office in the morning he will 
find telegrams and cablegrams that have arrived during 
the night or early morning. For example, if we are in 
a ccmntry village in Kent and late at night we receive 
by telephoim an important telegram from McDonald 
and Co. m Glasgow, we shall telephone our reply as a 

telegraph office. There a 
telel^e caU will be put through to McDonald and Co. 
m Qasgow ^d ike message will be printed direct on a 
teletype m Ikeir silent and deserted office ready for action 
when the office opens in the morning. There will be 

offiy onetran^ion and only one typing of our message, 

^d -toere ^ be no " circulating ’* and no telegraph 
message-boy in Glasgow. The mSsage 
^ go^^ and be recorded without human laboin. 
Kemsc^idt mkes a feature of .ihis point in his adver- 
tisements of his start-stop printer. It- ' 


all night in empty offices at railway stations ready for 
the staff in the morning. 

As another example of the new telegraphy, let us con¬ 
sider a large manufacturing plant, say in Newcastle, 
equipped with start-stop printers, such as teletypes! 
There would be a private-branch telet 3 ?pe exchange, as 
well as the usual private-branch telephone exchange. 
Orders and other departmental communications that 
have to be typed would go through the private teletype 
exchange, and any department could at once send a 
telegram through the private teletype exchange on to 
the Post Office telegraph wires, let us say, to a firm in 
Glasgow, the Post Office plugging the department direct 
through to the Glasgow firm, and the department would 
get a reply probably at once, or at any rate with only 
a few minutes' delay. That would be far more convenient 
and cheaper and quicker and more accurate than the 
telephone. Similarly, any department of the big manu¬ 
facturing plant could receive outside telegrams direct, 
with substantial saving of time. In future days when 
there will be a dozen of the new permalloy Atlantic 
cables in use, each working at 300 words a minute in 
each direction simultaneously, and all fitted with sex¬ 
tuple duplex multiplex, there will be no difficulty in 
sending a message from any department of the manu¬ 
facturing plant in Newcastle to San Francisco or otlier 
American city, and getting a reply within 10 minutes, 
subject always to tlie conditions of dajdight beiween 
Europe and America, The circuit facilities will be still 
greater when half a dozen wireless beams work across 
the Atlantic, each at 300 words a minute. 

Another important feature of the new telegraphy will 
be the assistance it will give to small newspapers which 
cannot afford to have a private wire of their own. Small 
county, local suburban and weekly journals would be 
glad if they could get news on 3-minute teletype calls. 

It would be cheaper than the telephone, more reliable 
and much more convenient, as the teletype would print 
the message ready for use. In most cases these ■feeletype 
circuits would be superposed on telephone lines. The 
teletype exchange is undoubtedly going to have a large 
effect on the distribution of news. 

(4) Printing telegraphs for farmers.--Still another 
example of tiie new telegraphy must be given because 
of its great importance, and because it will open up an 
entirely new field for telegraphy. It may sound ridicu¬ 
lous to people in Great Britain, where the farming 
industry is so backward and unprofitable, but it is 
a fact that it is to the farming industry-^the greatest 
and oldest of all industries in all countries-* that the 
start-stop printer will render the most important service. 

In other lands, and especially in new countries, there is 
a very large and prosperous farming and plantation, and 
station- and ranch-owning class, especially in North 
America; and market prices are just as vital to such 
facers as to any stockbroker; and another thing 
vital to the man who ploughs the land, as well as to 
the man who ploughs the sea, is the weather. The 
sador must rely for his weather reports on his barometer 
and wireless, but not so the farmer, who can also have 
his teletype., 

• In Australia the inch of rain is divided into 100 points, 
and weather repo^ are distributed and put up by the 
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Government on the bulletin board at every country 
post office or railway station; and the keen interest 
that the settlers and station-owners take in these weather 
reports is astonishing. The fact that 3 points of rain 
have fallen at a township 30 miles away is a matter of 
intense interest. Rainfall or no rainfall spells wealth 
or ruin to the farmer and station-owner. In other 
lands Warnings about storms and blizzards are not less 
important. Prices of sheep and cattle, pigs, wool, 
hides, wheat, butter, coffee, tea, rubber, and other farm, 
station, plantation and ranch produce, not only at the 
nearest local market, but in the big markets of the 
country, and also the world prices, bring wealth or 
poverty to the man on the land. Next to the stock 
market and produce brokers, there is no other man in 
the world so interested in prices as the farmer, and the 
fanner's concern about the weather is proverbial. The 
latest market and weather reports are so valuable to 
him that he will pay gladly for them, just as the stock¬ 
broker pays wiUingly for his ticker service. Hitherto 
the farmer has never had an opportunity to pay for it. 
He will also appreciate getting a prompt service giving 
all the important news of the world. 

The start-stop printer, for the first time, fills the re¬ 
quirements of the farmer for a stock-ticker service and 
it is far and aw.ay superior to any stock-ticker. The 
speed is greater, 40 to 80 words a minute; it will work 
over any distance, 5 000 miles if necessary; it can be 
superposed on the farmer's telephone circuit; it can be 
used on a farmer's party line jointly with other farmers ; 
and it has a keyboard on wliich the farmer can send out 
messages as well as receive them. After reading the 
market prices he can give immediate orders on the tele¬ 
type to buy or sell. By means of the teletype keyboard, 
he can communicate with his neighbours along the top 
wire of his fences. (In Australia, on the great sheep 
stations, the head station is always in communication 
with the outstations by telephone along the fencing 
wire.) %Of course, start-stop printers are not suitable 
for the remote districts; they need an occasional 
inspection and a drop of oil, and also electric power to 
drive them. That is a fairly simple matter in the settled 
districts of the world, where also the distances are not 
so great to render the cost of the telegraph or telephone 
line prohibitive ; but even in newly opened-up country 
with a sparse population there is always the local post 
and telegraph office (often the general store and centre 
of gossip for the whole countryside), and a teletype at 
such a centre would pour out invaluable news of the 
world, including prices and weather reports, printed on 
tape reaSy for the bulletin board, giving a Hood of news 
that could not be received in any other way. In such a 
case the electric power problem would be difficult, but 
not insoluble. 

Taking more particularly the United States, because 
of the enormous number of very prosperous farmers in 
that country it is obvious that farm news-distributing 
organizations will spring up all over tlie country for the 
supply of market and weather reports and other news 
of interest to farmers, and the farmers will have the 
opportunity of talking back on the keyboard of the tele¬ 
type. It may be said that it will be cheaper for the 
farmers to listen to market and weather reports broadcast 


by wireless; but a little consideration will show how 
hopeless that is. To get wireless reports the farmer 
or some member of his household would have to be in 
attendance at fixed hours to write down the wireless 
news. The idea of a farmer or his wife or family trying 
to note down market prices rattled off quickly by wireless 
is absurd. Even if this were possible, there are the 
inaccuracy of wireless, interference troubles and at¬ 
mospherics, and there is no way of answering back. The 
only practical plan is a tape-printing teletype recording 
any news accurately in plain type without human 
labour, and on duty at all hours. The farmer and his 
household can read the news and market reports at 
any time at leisure and he can also get a service of 
general news. The market reports can be far fuller, 
as well as far more accurate, than would be possible by 
any wireless distribution, and far quicker than through 
any newspaper. The teletype will bring the farmer 
right into the Chicago Wheat Pit and other market 
centres. Tie will know and compare the latest prices 
straight from the sales of his local market town and also 
from the big centres of the world. 

The prosperous farmer in America and many other 
countries has his telephone and his motor-car as a matter 
of course, and it is certain tliat as soon as the opportunity 
presents itself and he gets accustomed to the idea, he 
will add the teletype to his telephone and his wireless 
set, and in time he will value his teletype above all his 
earthly treasures. When the farmers of the world adopt 
the teletype superposed on their telephone circuits, we 
shall have real telegraphy—a vast printing-telegraph 
network of wire nerves linking up all industries and all 
countries. 

(6) Starting the new telegraphy ,—That this idea of 
. teletype exchanges on the lines of telephone exchanges 
is not a mere speculation is shown by very intei’esting 
developments in the United States. Realizing the 
importance of the machines, the Western Union Tele¬ 
graph Co. has been giving cai'efiil attention to the 
development of start-stop printers for some years, 
and this class of machine appears at last to have reached- 
a sufficiently reliable and permanent form to justify the 
Western Union in offering to furnish its patrons with 
printing-telegraph service. That will, of course, include 
circuits and printers connecting patrons to the head tele¬ 
graph office of the Western Union in each city. The 
Western Union will also no doubt supply what is known 
as point-to-point service—^that is to say, will connect 
any two points desired by telegraph lines and start-stop 
printers. In other words the Western Union is arranging 
to sell telegraph typewriter service to business men 
and firms—that is to say, to subscribers. Assuming 
that the scheme proves popular and commercially 
profitable, then the Western Union will have hundreds 
of subscribers in New York alone, to say nothing of 
other cities. Inevitably the company will have to supply 
intercommunication between these subscribers. 'The 
object of the subscribers or business men buying printing- 
telegraph service in New York, will be to send and 
receive telegrams qiiickly, and they will want to do that 
between each other and also over long-distance telegraph 
wires with, subscribers in mother cities. It is clear that if 
the Western Union can secure a consideralSe number 
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of telegraph typewriter subscribers in the leading cities 
of Ihe United States, then the printing-telegraph 
exch^ge and the new telegraphy wiU have been success- 
fuUy inaugurated. The Western Union being a very big, 
old telegraph company with great resources and 60 years 
11 experience of printing-telegraphy in 

au ite forms, and operating in a great and highly indus- 
tnahzed community, is specially qualified for maHng 
a suc^s of the new telegraphy, if that is commercially 
possible under present conditions. 

Another element that makes for progress is competi¬ 
tion, and the-Bell Telephone Co. is starting to sell tele¬ 
graph typewriter service to business men in Chicago 
on similar lines to the Western Union. Chicago, being 
a great busmess centre in the heart of the United States 
IS very favourably situated for the growth of the new 
t^graphy. I have a copy of a handsome booklet, 
J^"®**^*®** and persuasively written, which 
tne Bell Telephone Co. is issuing in Chicago, with the 
Idea of inducing business men to buy printing-telegraph 
se^ce. It does not propose to establish a printing- 
tele^ph exchange, but simply to supply wires and 
pnnhng-telegraph apparatus to enable firms to link 
up tteir various branches and offices by a private 
pnntmg-telegraph wire system. Although there is no 
mention m the pamphlet of a printing-telegraph ex- 
^ reflection will show that, just as 

in the case of the Western Union, the existence of a 
number of private printing-telegraph networks each 
hnlang up the various branches of one firm’s activities 
in Cfficago would soon lead to a demand for intercom- 
mumcation facilities, and that would result in a printing- 
telegraph exchange. If the Bell Telephone Co. finds that 
sel^g pnntmg-telegraph service to business men and 
profitable, then it will lead inevit¬ 
ably to the teletype exchange and so on step by step to 
tte new telegraphy. The pamphlet is callerl: "The 

SerST” Telephone Typewriter 

oervice — It Typewrites by Wire." 

(fl) " 7'he Door^vay of Oppoi’tumty.‘-~The booldet de- 

features of the telephone 

imoo^ ^ of such great 

importance I quote some of the paragraphs as foUoTO 


rnnf business of to-day is very largely 

^ducted by means of the telephone and the tjie^ 
vmter. It has long been felt that if these two gi^ts 
of industry ^uld be combined and efficiently opSated 
^ one unit, we would have made long strides in 
fur^hing the business world with the lasT wmS 

work, we feel that we are now able to furnish to 

wm efficiently combine 
as ?euph«„“ 

* • • • • 

This w not a new and untried service. For a 
number of yearn it has been in daily use by modem 
^mess organizations for the rapid and constant 
tansmission of t^ewritten communications between 
Tr-foffices-warehouse^ 

^ by the Long • 

mes Efepartment of the American Telephone and 


leleg^ph Co. in transmitting official communications 
to ah of their offices located in principal cities, and 
by the Associated Press in accurately and expe¬ 
ditiously distributing current news simultaneously to 
its newspaper clients. 

Messages can be typewritten in your office and 
come out at one or more of your local or distant offices 
with a home record. No operator or attendant is 
necessary at the receiving end. 

It will do practically anything a typewriter can 
do and can be operated by anyone who can operate 
a typewriter. ^ 

“ This service is now being used by a number of modern 
busmess organizations. Press Associations and news¬ 
papers with very satisfactory results in the handling 
of messages, letters, routine matters, such as opera- 
tions, admmistration, sdes, piurchasing, statements 
of stoclm on hand, shipments, orders, quotations, 
accountmg and for the dissemination of news 
“ This service may also be used for conference pur¬ 
poses betw^n groups at different offices, locaUy or in 
distant cities, thus effecting tlie saving of a great 
amount of time and expense incurred by travelling. 

. 1 . 1 . brand! office is no farther away from you 

than the telephone typewriter/* 

• • • . . 

"Telephone Typewriter Service wfll be found 
dependable and economical as an adjunct fo the 
telephone for the transmission of communications 
m factories, banks, hotels, and mail-order houses: 
between the sales, order, credit, accounting, and 
shipping departments and the executive offices of an 
establishment; accurately and privately without 
« “ giving or taking instructions. 

We have established a Telephone Typewriter 
Service department and wiU, without charge, maJee a 
study of your communication requirements to ascertain 
If the Telephone Typewriter Service will be advan¬ 
tageous to you in the conduct of your business.” 


A skeleton map is given showing combination circuits 
lOT the telephone typewriter service within the dtv of 
Chicago and nearby territory. Five circuits are shown, 
each connecting m series from seven to nine'city and 

instance, connects 
tte General Office m Chicago with branch offices, 
actory, Maywood, Melrose-paxk, Wheaton, West 

illustrations show 

the Morkrum typewheel teletype, which prints on a tape 
at ^ words a minute, and the Morkrum typebar page 
telets^e i^ch prints on sheets of paper at fiO^words a 
1 pamphlet concludes with the statement: 
fb. nn* * t^writer department will appreciate 
the opportunity of calling on you and explaining the 
service more in detail." ® 

like the Bell Telephone Co., and the corresponding 
movem^t by the Western Union, show that this paper 
cannot be dismissed as idealistic dreaming. ^ 

eataMbi^hlHl exchanges are successfully 

ratablished by the Western Union and the Bell Telephone 

in the lead^ cities of the United States, then it will 
be a comparatively short step to link up these teletype 
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exchanges by trunk telegraph wires all over America. 
Of course, in the case of the Bell Telephone Co., telegraph 
circuits superposed on its telephone lines will be used, 
and various systems of multiplexing the trunk wires 
will also be put into operation more extensively than 
now. 

(7) Soyna results ,—The result of this development 
will be*that a business man in New York, wishing to 
communicate with a business man in San Francisco, 
will get through to his teletype exchange and be con¬ 
nected to his San Francisco correspondent, with a certain 
amount of delay similar to, but less than, that which 
takes place in putting tlirough a telephone trunk call. 
Once connected, a typist in his office will teletype the 
business communication, and in many cases an immediate 
answer will come back on the teletype. In this way 
business will be linked up directly to the telegraph 
network, just as it is now linked up to the telephone 
service, and the present telegraph delays will be elimi¬ 
nated. There will be much greater accuracy than with 
the telephone and there will also be the advantage of 
much cheaper rates of communication than are possible 
with the telephone service; multiplexed telegraph 
wires being far cheaper tlian telephone wires. In fact, 
in the case of an immense concern like the Bell Telephone 
Co. the use of its telegrai>h circuits in this way will 
really be the utilization of a by-product of its telephone 
business. The same remarks apply in the case of the 
British Post Office and other administrations supplying 
telegraph and telephone service. The economies that 
will be effected by cutting out all telegraph labour, and 
by transmitting and printing direct, have already been 
explained. 

One remarkable idea in connection with the proposed 
teletype exchange scheme hinted at in the Bell Tele¬ 
phone pamphlet is its use for conferences, because the 
teletypes at each point could be linked up so that all 
would record the messages transmitted at each station. 
Half a dozen business men, 10 or 20 or 1 000 miles apart, 
could get together by teletype for a conference at very 
short notice. The teletypes in each office would record 
the minutes of the conference, including the discussion 
and the full text of the resolutions passed or decisions 
arrived at, and each member of the conference would 
have a complete typed record of the proceedings in his 
office. Also, the conference would be secret. There 
would be no overhearing or eavesdropping. The tele- 
t 5 'pe language is spoken and understood only by teletypes, 
and the code-bars can ]>e mixed at will to scramble 
the ine^ages and make them doubly secure against 
overhearing by outsiders. There is sometliing deeply 
impressive about this id.ea of a conference talcing place 
between men hundreds or even thousands of miles apart, 
with no sound but the slight tapping of the typebars, 
and the men in silence, each alone, watching tlie words 
beiiig recorded, or transmitting on his keyboard. Not 
even a secretary need Icnow about it. The saving of 
the precious time of business or political magnates 
would be great, and the acqeleration of the business, 
which could not otherwise be transacted until tlie mem¬ 
bers of the conference had actually met after much delay 
and railway travelling, would be important. Vital 
decisions might be made in this way possibly a week 


sooner than would otherwise be possible. Take, for 
instance, the British Government; an urgent meeting 
of the Cabinet could be held and decisions arrived at 
with the members of the Cabinet scattered all over the 
country. Members of Parliament could confer with 
their constituents, and even international conferences 
could be held in tliis way with ever>^ advantage of 
secret diplomac 3 ^^* The only parallel to such a tele¬ 
type conference would be a wireless telephone conference 
between heads of Governments, to which all the world 
would listen in, and we should have open covenants 
openly arrived at.” 

Returning again to realities, the new telegraphy 
with its cheap and quick long-distance communication 
will be an immense boon to the industrial and financial 
world, and many interesting practical results of political 
and social importance ^vill fiow from it. Two may be 
brieffy referred to as illustrations. One will be the 
upsetting of the present balance of telegraph, and 
telephone interests in the United States, the probable 
result being consolidation under the control of the Inter¬ 
state Commerce Commission, The new telegraphy 
will lead inevitably to competing teletype exchanges 
in each city. This development will be as great a 
nuisance as competing telephone exchanges, and tlie 
public convenience will be best served by consolidation, 
the result being a telegraph and telephone organization 
in the United States by far the largest and most remark¬ 
able in the world. Another result will be increased 
impetus to the extension of the Garden City movement 
and decentralization. Obviously the great book-keeping 
industry can be carried on in low-rented premises in 
pleasant surroundings in the country just as well as in 
London city offices, dirty, smoky and dark, and costing 
exorbitant sums for rent. The telet 3 ?pe and the telephone 
bring the Garden City book-keeping factor}* alongside 
the London city office, which will contract into a show¬ 
room and calling-place for visitors. This process of 
decentralization in connection with factory work has 
been going on for years and the teletype and telephone 
will extend and accelerate the process. 

As these great changes will be brought about by the 
start-stop telegraph printer, it will be realized that this 
is a machine of outstanding commercial and. political 
importance. 

(8) How the teletype e,rchangcs will work .—Just as 
in the case of tlie telephone service, there will be private- 
branch teletype exchanges, and these will of course 
connect up to the main telegraph network of the country 
through tlie city teletype exchange. In Chicago, for 
instance, the Morrison Hotel is equipped with 32 of 
the little tape teletypes, forming an. internal inter¬ 
communicating system in all respects like a private- 
branch telephone exchange, and other American hotels 
are being fitted in the same wray. Naturally, these 
private-branch exchanges will be linked up with their 
respective city teletype exchanges and in tliis way 
put in telegraphic communication with the whole of 
America and, in the course of time, via the new 300- 
words-a-minute Atlantic Cables, also with Europe: 

It is possible that the number of telet^^pe subscribers 
in one city may not, for many years, be more than one 
exchange could handle, and in that case tlfe teletype 
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exchange would be situated in the chief telegraph office 
of each city. This, however, would depend on the size 
of the city and the length of the local lines to connect 
subscribers to the teletjrpe exchange. It is a detail 
that win be settled by local circumstances. In London, 
for instance, there will probably be teletype sections in 
most of the telephone exchanges, with a big centi*al 
teletype exchange at the Central Telegraph Office. 

This telegraph service will be paid for just as the 
telephone service is paid for. There will be a local 
message rate, and time and distance rates for trunk 
or long-distance messages. Fortunately for this new 
development of the telegraphs, most of the problems 
have already been worked out in connection with the 
telephones, and telephone technique will be used in the 
telet 3 ^e exchanges and wherever else it can be employed 
with advantage. The mechanism of telephone exchanges, 
with some modifications, will do equally well for teletype 
exchanges. A subscriber will be able to ring up any 
other subscriber, with all the usual “ engaged and other 
signals; but the telet 3 rpe subscriber will have an 
advantage that he cannot have now on the telephone 
trunk service. Suppose he is a London merchant. He 
will be able to ask the Central Telegraph Office in London 
to put him through to Glasgow, and he will be put 
through exactly as now in the case of a trunk telephone 
call—^with this important difference, that the delay in 
getting through will probably be small in the case of 
the telegraph service, perhaps not more than a minute 
or two, or even with no delay at all, because there will 
be far more " channels of communicationavailable 
to Glasgow and other cities than would be financially 
possible in the case of the telephone. A single telegraph 
wire will give at least six separate channels, compared 
with one channel of communication on two telephone 
wires. Take, for instance, some results obtained by the I 
AVestem Flectnc Co. on four aerial wires between I 
Chicago and Omaha, 450 miles. These four wires gave 
three telephone circuits, four earthed telegraph circuits 
and no less than 20 two-way carrier telegraph circuits, 
or more than six '' channels of communication " on each 
wire. 

In London alone about 18 minutes’ delay would be 
cut but by getting direct in this way to Glasgow, and 
even if the message were sent by the customer by 
telephone as a ** phonogram ” it would still go to the 
phonogram room, where it would be written down and 
sent “ circulating ” until it reached the Glasgow circuit. 
On the average in a provincial telegraph office in Great 
Britam the “ transit time,” that is to say, the time 
elap^g frona the handing over of a telegram by the 
public until it reaches the circuit over which it is 
to be transmitted, is about 6 minutes, and in London 
about 8 minutes. The average ” circuit delay,” that 
is to say, the time that a telegram has to wait its turn 
at the circuit before being transmitted, is about 10 
minutes. ■ This circuit delay corresponds to the delay 
in getting through on a trunk or long-distance telephone 
line. Hence, in provincial offices there is an average 
delay of 16 minutes from the time a message is handed 
in to a telegraph office until transmission begins over 
the tele^ph line* In London this combined delay 
of ttaiisit time and circuit delay averages 18 minutes. 


There is also telegraph messenger time, which may run 
into anything from 6 minutes to half an hour or more, 
depending on the size of the staff of messengers available 
and the distance to be traversed. The aim of the 
i new telegraphy is to cut out all these delays. 

I With teletype exchanges in operation, manual 
” circulation ” of telegrams will give place to manual 
switching and, finally, to automatic switching? That 
i is to say, the handling of telegrams will be greatly 
i reduced, and instead of manj^ telegrams being rewritten 
I several times in the course of their wanderings, they 
j will go straight tlirough to their destinations, like the 
I modern loaf of bread, without being touched by human 
I hand. At present some telegrams have actually to be 
I rewritten four or five times. A message handed in at 
; a suburban office in London is rewritten at the Central 
Telegraph Office and then telegraphed, say, to Glasgow, 
where it is once more rewritten and sent to another 
suburban telegraph office, and once more rewritten 
before being delivered by a message-boy. 

Obviously, cutting out the circulation of telegrams 
will eliminate great waste of time and labour, especially 
in big cities like London. Telegrams received at the 
Central Telegraph Office in London have to go through 
an elaborate journey before reaching the London end 
of the telegraph lines over which they are to be trans¬ 
mitted. They are taken in and dealt with by counter¬ 
clerks, blown through pneumatic tubes, shuffled at 
distribution tables, pigeon-holed, and tlien taken to 
their respective circuits for transmission. Delay also 
takes place at the receiving office. There are similar 
dela 3 ^ in large offices where telegrams have to be 
retransmitted. They have to be circulated until they 
reach the right point for retransmission. The start- 
stop printer and the teletype exchange will short-cut 
all this delay and waste of labour. Also the lidiculous 
time- and labour-wasting process of checking and 
counting the number of words in telegrams at every 
stage, unavoidable by present methods, will disappear. 
One count will be sufficient, and when transmission is 
direct from the sender to the receiver of tlie message, 
there will be no counting! at all, but a charge by time 
and distance. 

^ ith a start-stop printer and the teletype exchange, 
the subscriber in London would communicate, clear of 
all obstructions, direct from his office in London to 
the office of his correspondent in Glasgow, who could, 
if the message permitted, reply at once. Obviously 
this should be considerably cheaper tliau sending a 
telegram in the ■ ordinary way, because no telegraph 
operators would be required. The work of seilUing the 
telegram would be done by a typist in the merchant’s 
office, and all the handling of the message in ” cir¬ 
culating.” it to the Glasgow circuit would be cut out. 
The cost and delay of the telegraph messenger would 
also disappear. In addition, as the cost of the tele¬ 
graph line used in sending the message from London 
to Glasgow would only be about one-twelfth of the cost 
of a telephone circuit, the message ought to cost much 
less than a telephone message to Glasgow. Also the 
duration of; a teleiype call could be reduced, compared 
with a telephone call, from, say, 3 minutes t:o 2 minutes. 
The latest start-stop printers work well up, to about 



A FORECAST OF THE NEW TELEGRAPHY. 


259 


80 words a minute, and a good t57pist can do 60 words 
a minute easily. Hence ■ 120 words could go through 
in 2 minutes, or 10 times as many words as the 
usual 12-word telegram for which the Post Office charges 
a shilling. Clearly there would be great economy to 
the Post Office through the adoption of this form of 
telegraphy, and time- and distance-rates could be 
arranged that would be profitable to the Post Office 
and yet attractive to business men. 

Of course, speaking in a general way, there is nothing 
new in all this, and therein lies good hope for success. 
There is nothing idealistic about it, and it is only a 
slight extension of what is already done. The telephone 
does it already, and substituting a telegraph transmitter 
and receiver for a telephone transmitter and receiver 
ought not to disturb the most conservative mind. 
Further, there is nothing particular^ new in this, even 
from a telegraphic point of view. There are telegraph 
concentrator systems in all important telegraph offices, 
now used to concentrate and save labour, but which 
may be regarded as germs of telegraph exchanges. 
There is also the I^ondon intercommunication switch 
designed by the present Engineer-in-Chief of the British 
Post Office, Colonel T. F. Purves, and installed in 1902.* 
This may be described as an official and not a public 
telegraph exchange. It is a real telegraph exchange 
interconnecting London local telegraph offices; but it 
does^not attempt the final linkage to business firms, 
because it uses the morse key, an instrument not com¬ 
mercially practicable in such cases. Colonel Purves's 
book contains some very interesting information on 
the subject of “ tlirough-switching" of telegraph 
exchanges. It was carried out in England as early 
as 1854, but it was used to connect telegraph office to 
telegraph office and not subscriber to subscriber. The 
telegraph exchange plan was used and abandoned by 
other administrations many years ago, but Belgium 
persevered witli the arrangement and it is still in use 
in that country for morse telegraph working. Briefly 
the scheme is approximately as follows:—Station A, 
connected by direct wire to station B, has a telegram for, 
say, station F, whom he calls on his line to B. There 
may be more than one route from B to F, via, say, 
C, D, E, or G, H, J ; the more appropriate route is 
selected by B and the call is passed on until F replies 
to A. 

As a matter of fact the London intercommunication . 
switch, after having been in use for 20 years, has 
gradually been killed by the competition of the tele¬ 
phone, and it is understood that the British Post Office 
proposes to abandon it. The intercommunication switch 
was primarily designed to link up about 200 local 
London telegraph offices so that telegrams could be 
transmitted direct between any of these local offices 
by way of the central switching exchange. Obviously 
this is not a subscriber system like a telephone exchange, 
and it does not possess the great advantage of the 
telegraph over the telephone of cheap long-distance 
. facilities. It is a telegraph exchange attempting to 
compete with the telephone on ground most favourable 
to the telephone. Naturally the telephone has gradually 
drained away the traffic until there> is very little left 
* ’ Sec ” Tdegraph Switbhing Sj'stems,” by T, F. Purve?. • 


for the intercommunication switch to handle. People 
will not spend a shilling for a 12-word telegram in 
London with about an hour's delay, when they can 
send and receive 1000 words with no delay and for less 
than twopence by telephone. A local London service 
of threepenny telegrams might revive the inter¬ 
communication .switch, especially if combined with 
start-stop printers. Also to extend the area of service, 
so as to bring in the advantage to the telegraph of longer 
lines, might help; but it is on the subscriber, or what 
might be called the " direct user," that the success 
of the new telegraphy will depend. 

It is necessary to point out the weaknesses of the 
London intercommunication switch, because its want 
of success will probably be used as an argument against 
the new telegraphy. A little space must therefore be 
devoted to it. Apart from the deadly competition of 
cheap short-line telephones at about one penny per 
message and answ;er, a telegraph exchange relying on 
the morse key and sounder cannot hope to be a success ; 
first, because average private users cannot afford the 
expense of keeping a morse operator, although they can 
and do habitually keep girl typists; and secondly, 
because a morse operator sending needs a morse operator 
receiving. The start-stop printer solves these two 
difficulties. It supplies the private subscriber with a 
telegraph machine wliich his t 3 rpists can use after a 
few minutes' practice and without additional expense 
for labour, and it substitutes an automatic and reliable 
machine in place of the receiving morse operator. In 
fact the morse operator will not be required. One 
typist can attend to half a dozen teletypes if the traffic 
is not heavy, and the receiving tj^pist will be able to 
send at any moment when the line is free. There is 
also a possibility of some kind of duplex working, 
giving simultaneous communication each way on the 
one wire. 

At present, in tlie case of tliese local London telegraph 
offices linked up. by the intercommunication switch, 
the Post Office, and not subscribers, has to pay the wages 
of the morse operators at both ends of the lines. The 
teletype exchange with private subscribers will relieve 
the Post Office of payment of wages for a gradually 
increasing portion of the telegraph traffic. Another, 
point not to be forgotten is that the start-stop printers 
will enable the t 3 pists to do about double as much work 
as with morse key and sounder, and a receiving typist 
•will not be required for each printer. The engaged 
signal has seriously reduced the economic efficiency 
of the intercommunication switch, because paid Govern¬ 
ment operators are kept waiting. With private sub¬ 
scribers any loss due to engaged signals will not fall 
on the Government any more than in the case of tele¬ 
phones. In the case of a typist attending to several 
teletypes in a local telegraph office, acknowledgment 
of receipt of messages presents some difficulties, but 
a bell or a lamp signal at the end of messages would 
warn and guide the attendant in giving acknowledgments 
of r^eipt of messages without unreasonable delay even 
if half a dozen printers required attention. 

Another plan would be to use the reservoir effect 
obtainable by means of receiving-tape perforMors and 
retransmitters. This, however, introduces complexities. 
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to say nothing of perplexities, and probably the best 
plan is the “ engagedsignal if a message cannot be 
accepted at once. 

It is to be, noted that even the connecting-up of 
outside customers to telegraph offices is not new. The 
use of the Steljes step-by-step printer in this way is 
very old in England, and a similar arrangement has 
been in use in Germany for years, the little Femdrucker 
of Siemens and Halske being very largely employed for 
the purpose. This, however, like the Steljes, is merely 1 
a step-by-step printer like a stock-ticker, provided with ^ 
a typewriter keyboard, and the speed is low, about 
25 words a minute; and, being on the step-by-step 
principle, neither the Steljes nor the Siemens Fern- 
cocker is satisfactory for working much beyond city 
limits. In "Telegraph Switching Systems," Colonel 
Purves mentions that ABC telegraph exchanges between 
ABC subscribers for direct telegraphy were in actual 
use in England in the late seventies, but the telephone 
swept them avray. This is of real historical interest, 
because it shows that the telegraph would long ago 
have developed on the lines indicated in this paper if 
modern pM^ing-telegraph machinery had been avail¬ 
able. As it was, the telephone, when it arrived, swept 
all before it- Whether the telegraph can recover lost 
ground now that the machinery is available, is purely 
a commercial question. 

The really new feature of the service about to be 
put into operation in America is the use of start-stop 
printing-telegraph machines capable of high speed 
40 to 80 words a minute, tape-printing or page-printing! 
and able to work mth ease over thousands of miles, 
and capable also of linking up with the multiplex 
telegraph network of the country, and with the poten¬ 
tiality of sending messages automatically all over the 
world. That is quite new and of the greatest impor- 
tance, and it is the start-stop printer that has made 
this development possible. 

^ (9) Linking up the telegraph network. I have referred 
to ^e possibility of linking up the start-stop printers 
with multiplex trunk circuits. A good deal of^work 
has been done m this direction by the Western Electric 
« and several years ago it exhibited in London 
an installation of its multiplex system with start-stop 
printer extensions from various channels. In a descrip¬ 
tion issued in the course of its demonstration the 
company mentioned that the start-stop printer had been 

^ ^ between 

New l^k and Chicago with one girl operator at each 
end. This circuit was obtained by superposing on a 

%va^^^2o''oo? wor^^ for 9 hours 

w 000 words, or about 1 000 messas'es 

company also mentioned that it is possible to provide 
intercommumcatxon between a nniber of offi^^bv 
start-stop printer when worMng simple^ 
^d also to nse selectors by means of which any o^e 

at 5 x^ 0 **^ printers 

at tte other ^tions remammg idle while a messaae 

IS being prmted at the selected station. These facilitip® 

can of course be shppHed by any other modem start^on 

■^® KleinschmidJ 

Th Siemens and Halske 

W«!«. EfecMo Co. h .0 


on methods of linking up start-stop printers with 
channels of multiplex installations. There is, for 
example, British patent 166783, showing various 
branching arrangements for connecting up several cities 
with both, forked multiplex and start-stop printers. 
Fig. 1 in the above patent, for instance, shows a Y-forking 
arrangement comprising three terminal multiplex cli.s- 
tributing stations arranged for four channels from each 
terminal multiplex station, through a repeating station, 
to each of the other terminal multiplex stations, and 
^o aiustrates how one arm or channel of the multiplex 
distributor at, for example, St. Louis, may be extended 
by means of start-stop equipment to two outl 3 drig cities 
or stations. It is also pointed out tliat any or all of 
the channels of each terminal multiplex station may 
be exterided, if desired, to an equal number of distant 
or outl 3 dng stations by means of start-stop equipment. 

In France, forked and series working with tlie Baudot 
rnultiplex has been in use for many years, and the 
French have wonderful metliods of linking up various 
cities on one wire by the ninltiplex. The Western 
Umon has likewise been doing a good deal of work in 
this direction, and those who are interested will liiid 
it fulty de^t with and illustrated by clear diagraiii.s in 
H. H. Harrison’s book on "Printing Telegraph 
^t^s and Mechanisms ’’; but, to refresh tlie memory 
of thos® who are familiar witli the subject and to 
enhghten ttose who are not, in Fig. 2 two diagrams 
Electric patent above referred to, 
widi tt® addition of start-.stop printers to each channel 
and teletype exchanges in tlie cities, are given. 

Fig. 2 help us to realize the enormous extension 
of telegraph faciUties rendered possible by tlie start-stop 
prate. It represents two wires from New York via 
ittsburg to Chicago, one of tlie two wires having a 
branch from Pittsburg to St. Louis. These wires are 
equipped mtli multiplex printing-telegraphs working 
quadrupl^uplex, giving four channels of communica- 
taon simultaneously each way, solid lines, reprereenting 
c^n^ wortong m one direction and dotted lines 
channek working m the otlier direction. The small 
rectangles marked M indicate sending and receiving 
^® The rectangles marked S are 

s^-stop prater extensions linking up to the multiplc.x 
channels. The rectangles SS are a number of start-Htop 
prates m series on one wire, selective callers enabling 
any one or more of the SS sets to be called up and 
commumcated with. The teletype exchanges explain 

u i^®^ "® to cou- 

y“.®f’ii«nil'ers will grow geometricall9 as the 

i«« a, ttey didV th. ,ho 

advantage that tlie telegraph possesses over 
uu If ^ ® telegraph message can be stored 

uStif where there may be a "bottle-neck,” 

until Its turn comes for transmission. A telegraiih 
opiate imually has several telegrams in hand, ^ich 

AteSf They wait th4 ten! 

v“®®®®®® ^®^t. In a vast telegraph 

network such as that contemplated in this papeT iSe 
^We-neck is a factor for which provision mu.^ be made 
TTxe excess m the supply of telegraph circuits S not 
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last for ever, and in any case there will be certain points 
where delay will be liable to occur at times, especially 
during rush hours. The flow of telegraph traffic is 
very irregular, and there will be advantage in having 
reservoir mechanism at bottle-neck points, such as ocean 
pable terminals. Hitherto the receiving tape-perforator 
has been neglected by telegraph traffic managers; but 
it is possible that the receiving perforator will come into 
its own in the new telegraphy. A business man in 
New York will dictate a telegram, a t 5 rpist will trans¬ 
mit it to the nearest teletype exchange, and it may 
succeed in going direct as far as Chicago, and all 
channels west of Chicago may be engaged for a time. 
In tliat case the message might be stored up as per¬ 
forated tape ready for trailsinissio]i to San Francisco 
as soon as a channel is available. OthenA^ise the 
messages, in such crises, could be received on jirinters 
and retransmitted in their turn on typewriter keyboards. 


suddenly called upon to send a message on the teletype 
for her employer. Quite obviously your teletype 
exchange would only be for big business firms and com¬ 
panies, banks, railways and the like. For the thousands 
and thousands of small men it would be useless. It 
would not pay them to use a teletype for one or two 
telegrams a week.’' 

The best reply to this supposed criticism will be to 
quote a few figures. The financial advantage possessed 
by the telegraph when distance becomes an important 
factor is a pow^erful argument in favour of the long¬ 
distance telegraph and against the long-distance tele¬ 
phone, and the telegraph administrations will be glad 
to increase their profits by reducing their expenditure 
on wages by throwing the burden of transmitting and 
receiving telegrams on to the business community, and 
the business community will be glad to shoulder that 
burden in I'cturn for the boon of quick telegraph ser\*ice. 


ss ss s$ 



Fig. 2. Diagram of multiplex printing-telegraph combined and extended by start-stop printers, single and in 

senes, and with teletype exchanges. 

Naturally tliere are many difficulties in the way. There is every indication that there is money in the new 
including human nature and established routines, telegraphy, and if that is tlie case the matter is settled, 
and t lere are^ also serious aiguments which have to It must not be forgotten that the telegraph adminis- 
te met. For instance, lew imagine the British Post trations and companies lease telegraph wires or" channels 
jffice sa^ng to me: riiree-mmute calls on your of communication ” for long terms, 6 months or a 

teletype exchange would be only 20 telegraph messages year, and they will be glad to lease telegi-aph wh-es 
an hour per channel, and there is the loss of time in for 3 minutes, just as they lease telephone wires, if 
calhng, answOTmg calls, gettmg through, giving the they can make money by doing so. The financial 
line to the subscriber and disconnecting, wliich would case for the new telegraphy wiU be realized after a 
dimmish the output to perhaps 15 messages an hour, little study of the table on page 262 giving the British 
or even less. We can quite easily send 60 messages Post Office annual charges for telegraph and telephone 
an hour by our present metliods. as long as there is wires. 

enough traffic, and at times we send 80 and 00 and even Taking, fiist, London to Birmingham, roughly about 
100 messages an hour per channel. If your teletype 100 miles, the Post Office wiU lease a complete tele- 
e.s:change cuts ^wn the average to 16 messages an graph wire dming the day for a rental of £686 a year, 
hour, we shall have to charge more. Also our pro- There is no difficulty in getting six channels each wav 
fessional ^ratore steadily employed on telegraph on one telegraph wire frdm London to Birmingham', 
circuits wiU send far more messages than a girl typist Hence dividing £686 by six we get a rentarof £114 
VOL. 63. ■' - lo 
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a year per channel. Dividing this by 300 days in the 
working year, we get 7s. 7d. per day^ Taking the 
business day at 8 hours, we get a rental per hour of a 
trifle under Is., or only O'M. per minute. Assuming 
that the active time of communication is 3 minutes 
and that the time spent in connecting and disconnecting 
is 3 minutes, or, in all, 6 minutes per call, the rental 
would be only a trifle over Id. for 6 mmutes. Even 
if the Post Office tripled this rate and charged 3d. for 
a 3-minute teletype talk between London and Bir¬ 
mingham with a '' no delay ** service, it would be re¬ 
garded by the business community as a godsend. The 
minimum for a Ix^ndon—^Birmingham telephone call 
of 3 minutes is 2s. There is a big difference between 
3d. and 2s., and the difference is still greater if we 
deduct the cost of postage, Ijd., which is saved in eacli 
case by using the telegraph or telephone instead of the 
mail. It becomes Ijd. extra for the teletype call of 
3 mmutes transmitting at least 100 words, and 22|d. 
extra for the telephone call, an advantage of 15 to 1 
in favour of the telegraph, even over only 100 miles. 

Now working backwards, the Post Office is to get 
3d. for 6 minutes (a 3-minute call and 3 minutes con- 

Approximate Annual Rentals for Lines. 



London to 
Birmingliam 

London to 
Manchester 

London to 
Glasgow 

A telegraph wire, but not 

£ 

£ 

£ 

including apparatus .. 

685 

1 120 

2 415 

A telephone circuit with 




apparatus 

905 

1520 

3 360 


necting) on one channel between London and Birming¬ 
ham. This is 2s. 6d. per hour, or £1 a day of 8 hours, 
or £6 a day for the six channels on one wire, or £1 800 
rental for the year of 300 days. Tliis is, of course, 
on the assumption that the wire is kept busy with calls 
every 6 minutes. Actually it is possible to divide up 
a wire between London and Birmingham into at least 
12 chaimels each way, so tliat there would be a future 
possibility of penny telet37pe calls between London and 
Birmingham, exchanging about 60 words each way. 
In .other words the business community will get an 
extremely cheap and quick telegraph service and the 
Post Office will get a greatly increased rental for its 
telegraph wires and will save the wages of operating 
staff at present employed handling telegrams. £1 800 
a year should leave ample margin for the wages of 
the exchange attendants and for maintenance and 
other charges. 

Now take London-Manchester, about 200 miles. 
The Post Office annual rental for a telegraph wire is 
£1120. Five channels can be provided easilv each 
way on the one wire, making the annual rent^ £224 
per channel. Dividing this up as before we get 0'376d 
ner minute. Allowing 6 minutes per call as before, we 
■ 2^d, per call, and, tripling this as before, the call 
f under 7d. This charge would* ^ve 

ost Office an annual rental of £3 600 for a London- 
hearer telegraphW. This again is on the ^siimp- j 


tion that there is a call ever}' G minutes. A 3-miniite 
telephone call to Manchester from London would be 
about 4s., compared with 7d. Taking London-Glasgow', 
the rental is £2 415, and five channels each way can 
be easily secured. Hence, dividing by five, wc get 
£483 a year rental per channel, or O-Sd. per minute, 
or 4'8d. for a 6-minute call (3 minutes communicating 
and 3 minutes getting through). If we incri 2 ase this 
to Is. as the rental for the 6 minutes, the total rental 
would be £6 000 a year for the live cliannels on one 
wire. A 3-minute telephone call to Glasgow would 
be about 8s. At present a sliilling telegram from 
London to Glasgow would contain only 12 words, and 
it would take about an hour on the joiimev from sender 
to recipient and another hour for a reply. For thc^ 
same shilling the new telegraphy would handle at least 
100 and possibly 180 words, or a message and reply 
with little or no delay. At present the Post Office 
is working at a loss when charging Id. a word, and at 
j'resent the 180-word message ^vollid cost 15s. 

Apart from the direct saving due to the new telegraphy, 
the wealth of the community would be increased by 
the speeding up of business resulting from the improved 
telegraph service. It is all a question of whether tlic 
scheme‘of public teletype exchanges is economically 
sound. It appears to be sound, but time and experi¬ 
ence will tell in due course. There is no millennium 
for telegraphy; but as long as we do not expect too 
much from telegraph maclunery and human^nature?, 
we have good reason to be hopeful about the great 
improvement in the telegraph service that will take 
place within the next 25 years, thanks to the multiplex 


*0 ^ - 

(10) " Emptying the mail-hags. ’ ’—^An important aspect 
of the new telegraphy is where the increase of IraliQc 
is to come from, that will be necessary to pay for the 
new developments. Of course the new facilities will 
create a large volume of new traffic beyond the small 
amual increment due to growth of population and 
dvihzation; but, in addition, the increase of telegraph 
traffic will come by diversion of a certain amount of 
traffic from the telephones, and by what Delany used 
to caU "Emptying the Mail-Bags." This is what 
Amencan publicity men call a slogan; but it is a very 
poor one, because it is an impossible ideal, and the 
maximum that the telegraphs can hope to effect is a 
sUght Ughtening of the mail-bags. Even 1 per cent 
of letters diverted from the Post Office would result 
in a great accretion of telegraph traffic. 

pie mails consist very largely of cfrculars, nawspapens 
pitted matter, invoices, receipts, postal and money 
orders, cheques, drafts, securities, advice and receipt 
notes, waybills, bills of lading, drawings, blueprint 
maps, plans, photographs—in short aU the vast T^etv 
bn^ess documents which cannot be telegraphed* 
There is also an enormous volume of private and domestic 
lett^, of which ohly a minute proportion would ever 
be tel^aphed, unless telegraphy became so excessively 
cheap l^t it could compete with the penny stamp and 
the Picard. There remains, however, a large volume 
of ordinaxy busmesS correspondence which could be 
profitably sent by telegraph if. the rates were low. 
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though not so low as the penny post. We should have 
to educate the business man up to paying more and 
the telegraph administrations to charging less, so as 
to bridge the gap and enable a portion of the mails 
to be poured through the telegraph wires. 

It is impossible to say even to what very limited 
extent tlie mail-bags can be depleted by the telegraph; 
but anything in letters and figures can be transmitted, 
and even complicated formal printed documents can 
be filled in by telegraph if a tape-printing telegraph 
is used. An illustration of this is given in Fig. 3, and 


be telegraphed. The proportion of business letters, 
otherwise telegraphable, which must go by post on 
account of enclosures is not known, but the matter 
vras looked into by a London firm in connection with 
their departmental correspondence. This firm, with 
offices in London and works 30 miles away, have a private 
telephone circuit connecting their London offices with 
their works. This telephone circuit is overloaded with 
traffic, and a proposal to superpose a telet 3 ^e circuit 
on the telephone circuit proved attractive to them. 
Not only would tlie carrying capacity of their private 



the bits of teletype tape pasted all over the printed form 
will be noticed. A page-printer could not do this. 

Signatures, on the other hand, are hopeless in spite 
of telautographs and copying telegraphs, and telegraphic 
transmission of pictures and drawings .^11 seldom pay. 

There is, in addition, one interesting obstacle in the 
path of transmission of letters by telegraph, about which 
more may be heard in the future, and that is '' enclo¬ 
sures. * Many business letters wbich. could be. tele¬ 
graphed with advantage contain, cheques, bills of lading 
and various other business documents*, which cannot 


wire be increased, but orders and other correspondence 
that now reach the factory on the following day would 
arrive by telegraph by tire aid of the teletype in a few 
minutes, thus saving a day in the case of a factory 30 
miles away; and time is money. 

Upon investigation, they found tha.t 40 per cent of 
their correspondence with their factory contained 
enclosures which could npt be ^telegraphed, , leaving 
60 per cent that could be handled by the,telet 3 ^e. This 
is instructive, but not sufficiently generalized ,tc»be any 
guide to the average contents of the mail-bags. The 
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proportion of letters that could be telegraphed is well 
worth investigation by inducing a number of business 
firms of various kinds to look into the matter and 
prepare statistics. Also it is obvious that the proportion 
of letters that it would pay to telegraph would be still 
smaller. Many firms could no doubt be induced to 
prepare statistics on this point also. In this wajr a 
fair estimate could be made of the extent to which the 
new telegraphy may benefit at the expense of the 
mail-bags. 

(11) The first steps ,—The problem of making a 
beginning with the new telegraphy deserves a little 
consideration. It will have to start on a small scale, 
because administrations cannot be expected to spend 
hundreds of thousands of pounds to install teletype 
exchanges in all leading cities, and then spend more 
money in canvassing for subscribers to the new service. 
There must be healthy growth from small beginnings. 
It will probably start very much as the telephone 
service began. A start has already' been made in 
connecting business firms and banks to the Central 
Telegraph OfBLce. The Dutch Government has installed 
a considerable number of teletypes for this purpose, 
and ^e British Post Office is beginning to do the same. 
If this service grows it will lead to a concentrator system, 
because subscribers’ lines will not always be busy, 
and by means of a concentrator switch the traffic can 
be handled by a considerably smaller number of tele¬ 
types at the Central Telegraph Office than the number of 
subscribers. It seems reasonable to suppose that this 
arr^gem^t will gradually extend to switching sub¬ 
scribers direct to the particular circuits over which their 
telegrams would have to be transmitted. The British 
Post-Office already has teletypes in use on long lines, 
and through switching ” would appear to be inevitable 
in the course of time. 

Another line of growtli has already been indicated 
in connection with the offer of the Western Union and 
the Bell Telephone Co. of telegraph typewriter service 
on the private wires of private firms. These private 
lines will naturally be linked up in due course, with 
resulting growth of the new telegraph}^ 

Part 8. 


The conditions to be fulfilled by a successful start- 
stop printing-telegraph may be set out as follows 

(а) It must be a start-stop printer; tliat is to say, 

it must start operating as soon as a key is 
depressed on the keyboard, and it must stop 
as soon as a letter has been printed. 

(б) Most of the successful machines have a mechanical 

distributor and a single recording magnet, 

(c) It must have the standard typewriter keyboard, 

with easy touch. 

(d) It must have a speed of from 40 up to 80 words 

per minute. 

(e) It must use tire five-unit alphabet. 

(/) It must be able to work over any distance, from 
60 feet to 6 000 miles. 

(g) The option of tape- or page-printing is desirable. 

(h) For speeds above 60 words per minute, Western 

Union experience indicates that typebar 
machines are best; but good results are being 
obtained by some of the typewheel printers. 

(t) It must be simple, compact, strong and durable, 
and able to print at least 6 million words witli- 
out an error. 

(j) It must be able to run for at least one month 
without attention, apart from the supply of 
fresh paper and ink. 

(^) Maintenance must be possible without highly 
skilled labour. 

(1) The manufacture must be strictly on the inter¬ 
changeable mass-production basis, to ensure 
cheap maintenance, quick repair and moderate 
prices. 

(m) It should be possible to stop the printer com¬ 
pletely and shut off all power at out-station 
B from head-station A, and start it again from 
station A. 

(fi) It would be desirable to have a universal printer 
which, witli comparatively slight mo(jlifications, 
could be used on multiplex circuits, or as a 
start-stop printer with typewriter keyboard, 
or with perforated-tape transmission, or as a 
rapid stock-ticker; but there arc grave diffi¬ 
culties in the way of making such a machine. 


The Start-Stop Printer. 

(1) Various machines and what they must do—ii 
rems^s now to give a general idea of what is meanl 
by the titie '* Start-Stop Printer." As far as possible 
det^s will be avoided, because this paper is beinc 
wi^n not for telegraph engineering specialists bni 
for the vast number of people who are mainly concerned 
about b^r tdegraph service. Before beginning this 
l^t s^on of the paper, however, I may also e.>£plain 
ttot I have reframed from expressing any opinion 
about the relative merits of the various machines now 
on the mwket or being developed. They are the product 
of a vast amount of ingenuity and research and prac- 
tical e^enence, and time wiU in due course settle 
whi^ IS the best, or what particular combinations of 
tteIdeas matenahzed in these machines will proveto 

DO ae most suitable for various classes of work 


Wia the exception of the first-mentioned in the 
following list (which, after being widely used in America 
for 16 years, is now being superseded by a more recently 
developed machine of the same company), the only 
machines at present on the market which attempt, more 
or less successfully, to fulfil these conditions are the 
following:— 


i 


Start-Stop Printers, 

(i) Morkrum typewheel page-printer 

(Blick typewheel), the first of the 
commercially successful start-stop 
> machines. Page-printer only .. 

(ii) Morkrum typewheel teletype; the 

first start-stop machine to achieve 
wide success outside the United 
States. Tape-printer only 

* w.p.m, « words per minute. 


Approximate 
speeds ♦ 


70 w.p.m. 


40 W;p.m. 
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(iii) Western Electric start-stop printer. 

Page-printer only .. .. 60 w.p.m. 

(iv) Kleinschmidt direct printer. Tape 

or page-printer .. .. .. 80 w.p.m. 

(v) Siemens and Halske “Pendeltele- 

graph.'* Tape-printer only .. 40 w.p.m, 

(vi) An improved machine by Siemens 

,and Halske based on Siemens 
automatic system.. .. .. 80 w.p.m. 

(vii) Creed direct printer. Tape-or page- 

printer .. .. y - 80 w.p.m. 

(viii) Morkrum page teletype. Typebar 

page-printer .. . * .. 65 w.p.m. 

(ix) Morkrum model-16 typebar tele¬ 
type. This is the latest start-stop 
machine. Tape- or page-printer SO w.p.m. 

(2) HistoricaL—Speokmg in a general way, what the 
Western Union calls the simplex printer is a very old 
idea, going back to the beginning of telegraphy, and 
it is an astonishing fact that it is only during the last 
year or two that real success has been achieved. There 
have been many pioneers, and scores of simplex print¬ 
ing-telegraph inventions lill tlie shelves of the patent 
libraries. They were pioneers, and tliey all failed 
for themselves*; but not for us, because "by their 
bones about the wayside we have come to our own." 
They have guided us on the road, and within the last 
2 or 3 yaars we have arrived. 

It might be thought that the complicated automatic 
and multiplex high-speed printing-telegraphs with 
their enormous carrying capacities of 100 to 300 words 
a minute in each direction on one wire, and, in the case 
of the multiplex, with two to six separate channels 
each way on one wire, would have developed after the 
much simpler business-man's printing-telegraph; but 
the requirements of the business-man's teletype are 
very severe, as will be realized from the list just given 
of conditions to be filled by a successful machine of 
this clas?. Many beautiful machines have been 
designed; but for 60 years the Hughes printing-tele¬ 
graph has been practically the sole one-man machine 
that would work successfully even in a large telegraph 
office witli skilled attention immediately available, 
and it is not a start-stop printer. The Hughes would 
be quite unsuitable as the business-man s teletype^ for 
several reasons, the chief objection being that it is a 
S 3 mchronous printing-telegraph. It is also big and 
clumsy, with a piano instead of a typewriter keyboard, 
and it requires skilled operation to reach even 30 words 
a minute, ;jvhilst 60 words a minute is far beyond its 
powers. A girl typist cannot sit down and work it 
forthwith. The fact that it prints on a tape is not a 
serious objection, though it is believed that page-printing 
will be demanded in many cases by the business com* 
munity. They will want* at least the choice of tape- or 
page-printing to meet their particular needs. What 
business men require is typewriting at a distance. 
The need has been known for years, but not the way. 
Twentv years ago Mr. W* A. Hatfield, one of the engineers' 
formerly employed in the Engineer-in-Chief s Office, 
G.P.O., repeatedly urged me to make a start-stop 
printing-telegraph with a direct keyboard; but I was 


too busy with the Murray automatic and the Murray 
multiplex printing-telegraphs to attempt any other 
development work. In any case the conditions of 
success were not known at that time, and the labours 
of many men and much capital and years of time were 
necessary to discover the conditions. 

The first really successful machine of this kind was 
the Morkrum start-stop printer, which was put into 
commercial service in 1910. It was a typewriter key¬ 
board machine with a typewheel page-printer very 
similar to the Blickensderfer typewheel t 3 rpewriter. 
It came into extensive use in America ; but it depended 
for its operation on a considerable number of magnets 
and electrical contacts, and it required much mainten¬ 
ance attention. It is therefore being superseded by 
later Morkrum machines. American as well as French 
experience appears to indicate that a successful tele¬ 
graph printer should be, as far as possible, mechanical 
in its action, and further development in America has 
gone along these lines. 

This resulted in the production of the little t 5 q>ewheel 
" Telet 3 npe," which was put on the market in 1920^ 
by the Morkrum Company and proved highly successful. 
The teletype is the first machine of the kind that has had 
a wide sale outside of the United States, and from the 
date of the established success of this new machine the 
era of the new telegraphy may be said to have begun. 

Kleinschmidt came close on the heels of the successful 
Morkrum machines, with an extremely clever, direct, 
keyboard page-printer, very neat and compact in 
design, which is meeting with considerable success. 
About the same time the telegraph development ^gi- 
neers of the Western Electric Co. were doing valuable 
work on the start-stop problem. Their start-stop 
printer worked well, and amongst other things they 
designed a most ingenious centrifugal governor for their 
start-stop printer motor, which is easily the best yet 
made. The work done in developing arrangements 
for linking up start-stop printers to channels of multi¬ 
plex installations has already been referred to. Ur. 
Louis M.^Potts also did extremely ingenious start-stop 
printer work, especially on the idea of the mechanical 
distributor and single receiving magnet or relay. 

The Western Union and the British Post Office, 
being telegraph-operating and not manufacturing and 
development concerns, the Western Union engineers, 
like the British Post Office engineers, and the engineers 
of other administrations and operating companies, 
have had to discharge the important duty of testog 
and criticizing the machines designed by the various 
manufacturers and inventors, and it is largely from 
the conclusions arrived at and the requirements and 
conditions laid down by the telegraph-operating organiza^ 
tions that the manufacturers and inventors have been 
guided to commercial success. 

I mention this because there is often uninformed 
criticism of the British Post Office on account of the 
Post Office engineers not having produced any of these 
printing-telegraph machines. They have not had time, 
and it would have been quite outside of their duties 
to have done so. The modem world is highly specia^ed, 
and the' production and the op^tion of machinery 
are ! two entirely separate functions, Criticisim and 
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valuable practical advice can come very properly from 
the operating administrations, but the work of develop¬ 
ment of machinery has to be left to the manufacturing 
concerns that specialize in that class of work. 

German engineers, instead of accepting the conclu¬ 
sions of England, France and America in favour of 
mechanical operation, have employed automatic and 
electrical principles with success, and Messrs. Siemens 
and Halske of Berlin have produced a very interesting 
machine which they call tlie Pendeltelegraph," 
printing on a tape at a speed of 40 words a minute. 
They have also developed another start-stop printer 
based on the Siemens automatic system, with a speed 
for manual operation of 60 to 70 words a minute, and, 
for automatic tape transmission, of 80 words a minute. 
It depends on many electrical contacts, brushes and 
condensers, devices that are not regarded favourably 
m the light of English and American experience, but it 
is stated to work well. Those who are interested will 
find an illustrated account of it in the Elektrotechnische 
Zeiischrift for 24th July, 1924, by F. Liischen, entitled 
"Die Technik der Telegraphie und Telephonic im 
Weitverkehr." It is very instructive to compare the 
illustrations of tiiis Gennan machine with those of the 
Morkrum Company, laeinschihidt, and Creed, all of 
which are mechanical. The same article gives an 
interesting diagram showing the remarkable network 
of Siemens* automatic printing-telegraph circuits linking 
up all the leading cities of Germany and Central Europe, 
and extending to London, Rome, Budapest, Vienna^ 
Wamaw, Riga, Moscow and Kristiania and other Nor- 
we^an cities. This extension is due to German influ¬ 
ence, and not to any superiority of automatic systems 
compared with multiplex; and if the forecast in this 
paper of the future of telegraphyis correct, then the whole 
of this automatic network wiU in due course find its way 
to the scrap-heap, because the multiplex is necessary for 
flitting up wires into a number of separate channels. 
Tone-selective methods are a practical alternative 
under certain conditions; but automatic systems are 
hopeless for the new telegraphy. Although multiplex 
are undoubtedly superior to automatic systems, yet 
even multiplex systems will be much modified by the 
requnrements of the new telegraphy. 

More recently others have entered the market, in- 
c uding F. G. Creed. The Creed machine, like all 
torae pnntere, is most ingenious. It is based on the 
well-lmown&eed automatic printer, and it is unique 
Ir A®*?® a typewheel-typebar machine. The typebars 

tS t? speed is secured in 

® five-umt alphabet is used, and Mr. 

Sr r S on his conversion from 

the morse to the five-unit system. 

from 

mmSSr ^e ®een that healthy 

competition is spnngmg up, and it is aU for the eood 

every possible way of carrying out 
the start-stop idea should be investigated^T^teied^ 

survive. That: is specially 
startit^ p™. i^Pe^ee of ihe 

of siart-stop pnnUrs.^Tbe &rst 
essentiaS of a start-stop printer is Lt it murt s£t 


and stop for each letter transmitted and printed. Pre¬ 
fixed to each letter signal is a startmg signal, which 
upon arrival at the receiving station starts the printing 
mechanism, which makes one revolution, in the course 
of which the letter is printed, and tlie machine then 
stops ready for the next letter. This cycle is repealed 
for every letter transmitted. (For simplicity, 1 have 
disregarded the overlap, as this does not ^affect the 
argument.) 

A little consideration will show tliat there must also 
be a stopping interval to give tlie machine time to 
come to rest and return to zero. Hence the start- 
stop printers, although they employ the live-unit 
alphabet, are really seven-unit systems. The nior.se 
uses eight units per letter. The start-st 02 > printers 
have therefore a slight advantage over the mor.se key 
of 12|- per cent so far as the telegraph line is concerned. 

The only alternative to starting and stopping for 
each letter is for the sending mechanism at station A 
and the receiving mechanism at station B to run con¬ 
tinuously. For simplicity let us consider the Ilughes 
pnnting-telegraph, whicli runs in this way. At each 
end of the telegraph line there is a typewhecl, and these 
two typewheels have to run synchronously, that i.s to 
say, the same letters on each typewhecl must point 
to the 12 o'clock position at the same in.stant, and 
mechanism has to be provided for correcting any lap.st 5 
from synchronism. It is only while signals arc being 
teansmitted over tiie line that the synclironlsin of the 
Hughes is maintained. When transmission stops the 
Hughes falls out of synclironism, and synchronism 
would have to be re-established for each new connection 
before messages could be transmitted. In any ca.se, 
to keep a number of Hughes circuits all tuned to the 
same speed would not be easy with the present governing 
m^echanism. Also, in tlie event of no one being present 
at the receiving station there would be no certainty 
that synchronism had been established. Hence a 
prmtmg-telegraph depending on continuou.s rotation, 
and ^erefore on synchronism, could not be** used in a 
prmtmg-telegraph exchange. The start-stop principle 
IS es^nti^. In any case, for reasons already mentioned, 
the Hughes would be out of the question for such a 
purpose. 

Tbe start-stop printer comes to rest between eacli letter 
or dumg intervals between messages, and it can then 
be switch^ easily from one ekenit to anotlier. The 
there shall be approximately 
a standard speed for all the teletypes or other start- 
stop printers. About the subject of speed more will 
be smd presently. It is true that even the *' .start- 
stop machines depend on synchronism, but onlv 
during the one revolution that prints a letter, and it is 
very easy to preserve synchronism for such a short 
pCTiod as J second or even 1^,. and in this fact li2 
one of the 'great advantages of the "start-stoo" 
machines for exchange work. ^ 

The neirt point about which some. eimlanation is 
desirable ,is the mechanical distributor and sinale 
j^r^g magnet of the successful start-stop printere 
he Hughra IS a smgle-magnet printer, but it does not 
have a m^anical disteibutor. In the Hughes the chariot 
IS an electneal transmitting distributor only, and sends 
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out at station A an electrical impulse at the right 
moment for printing correctly at station B, the type- 
wheel at station B revolving in s 3 nichronism with the 
typewheel at station A. The typewheels are the dis¬ 
tributors, and in the Hughes there is no mechanical 
distributor in any sense corresponding to the mechani¬ 
cal receiving distributor of the modem start-stop 
printers. 

(4) EUctrical and mechanical distfihuiors *—^The value 
of the mechanical receiving distributor will be best 
understood by considering an electrical distributor and 
a printer in schematic form as shown in Fig. 4. 

The receiving line-relay is shown at 1; 2 is the elec¬ 
trical start-stop distributor, tlie brush arm 3 being kept 
from revolving by the pawl 4- When a starting signal 
arrives in relay 1, it closes the contact at 6, and local 
current then passes from the battery 6, through ring 7, 


position, and the pawl 4, catching the brush arm 3, 
stops the machine until another starting signal, followed 
by a letter-signal group, arrives. 

In electric distributors the chief difficulty is the con¬ 
tact brushes, which wear badly and require frequent 
attention. In the case of multiplex distributors the 
traffic and the carrying capacity are very great and 
the cost of daily attention to the brushes is trifling 
compared with the results achieved; but in the case 
of the start-stop printers the position is far less favour¬ 
able. Such machines are necessarily scattered over a 
considerable area, often miles apart, and it would con¬ 
sume too much time and wages to send a man daily 
to attend to the brushes, The maintenance attention 
should not exceed once a week and preferably once a 
fortnight, or even once a month. Compared with an 
electric distributor using brushes, the mechanical 



Fig. 4.—^Diagram of principle of five-magnet printer and an electric distributor. 


brush arm 3, starting contact 8, starting magnet 9, and 
back through contact 5 to the battery. The magnet 9 
attracts the armature pawl 4, releasing the brush arm 3, 
which starts revolving to the right, the brushes making 
successive contact with the segments 10 to 14, which 
are connected to the five selecting magnets 16 to 19, 
Depending on whether the contact at 6 is open or closed 
by a line signal when the brush makes successive contact 
with the segments 10 to 14, impulses or no impulses 
will pass through one or more of the magnets 16 to 19, 
and one or more of the five armature pawls 20 will be 
attracted, and will release their corresponding selector 
plates 21. In this way a special permutation group 
of slots in the selector plates, corresponding to the 
letter signal transmitted,- will be aligned and a latch, 
in tliis case corresponding to the letter s, will be selected 
and, by suitable mechanism, will print the letter S. The 
printing action also restores the selector plates to zero 


distributor is a great step forward. It does not require 
attention for months at a time and even then it only 
needs a drop of oil, which can be given by anybody. 
With the exception of one magnet to record the signals 
coming over the telegraph line, the receiving and print¬ 
ing mechanism of the modem start-stop printer becomes 
in this way entirely mechanical. Another important 
advantage of the mechanical distributor is the fact 
that, on lines not sufficiently long or difficult to require 
a relay, a start-stop printer equipped with a mechanical 
distributor can be worked by alternating current and 
without any direct current. An alternating-current 
motor to drive the machine is all that is neCessarj^ 
in addition to the signal magnet to record the line signals. 

. No local direct current is needed.. 

The principle of the mechanical receiving distributor 
is the same in all the successful start-stop printers so 
far produced, and it will be readily understood from 
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tlie schematic illustration of one form of mechanical 
distributor, in Fig. 6, and the following description :— 
The signals arrive in the single magnet 1, which 
corresponds to a morse sounder. The first signal is 
the starting impulse and causes the magnet to attract 
its armature 2. This trips the pawl 3, and also by the 
link 4 it trips pawl 5. This throws in a clutch 6, which 
couples the constantly rotating power shaft 7 with the 
start-stop shaft 8. This carries the cam 9, and by means 
of five-to-one gearing it also operates cam 10. Cam 9 
oscillates the lever 11 pivoted at 12. Lever 11 carries 
a rod 13, which is pushed by the rod 14 along in front 
of the five selector plates 21 (ends only shown, but they 
are the same as in Fig. 4), the rod 14 being moved 
by the cam 10. The rod 13 reciprocates regularly as 
shown by the arrow 15, under the control of the rod 11, 
which is kept oscillating by the cam 9. If, however, 
there is no operating or marking signal in the line, 
the magnet 1 will cease to attract its armature 2 and 


contacts. These have proved w-onderfully goo 
electric distributors, and run for months at a 
without attention. As a matter of fact, tun; 
contacts opened and closed by spirally arranged 
on a transmitting spindle are employed in the Mori 
telet 3 ^e for the transmission of signals, and exper. 
shows that they run almost indefinitely witliout a 
tion. It will be seen, therefore, that there is a 
deal of variety possible in the design and maifufac 
of start-stop printers. The mechanical distrib 
however, appears to be cheaper and simpler and ] 
compact than electric contacts with five sele< 
magnets, and the Morkrum teletypes, the Kleinsch: 
and the Creed start-stop machines all use the mecha; 
distributor. 

The demand for high speed, at least 60 wor< 
minute, has been a stumbling block, Typew 
machines like the Hughes and Baudot appear to r. 
their commercial working limit at about 40 wort 



Fig. 5.—Diagram of principle of single-magnet start-stop printer with mechanical distributor. 


the pawl 3 will catch and retain the rod 11, thus 
preventing the rod 13 from striking the selector plate 
opposite which it is passing at the time of no signal 
Assuming that theare is no signal opiating the magnet 1 
when &e rod 13 is opposite selector plate 1, and that 
there is a signal when the rod is opposite selector 
plates 2 and 3, no signal when the rod is opposite 
plate 4 and a signal when opposite 6; then the selector 
plates will be pushed into the particular permutation 
shown at 16. Immediately afterwards, a tooth 17 
on the rod 14 strikes the end of the lever 18, causing it 
to trip the printing mechanism into action, and a letter 
corresponding to the permutation set up in the selector 
plates will be printed. The clutch 6 is disengaged 
automatically by the cam surface 19 stoildng the plate 
20, and the released half of the clutch is then caught 
once more by the pawl 6, ready for the starting impulse 
of the next letter signal. 

. On the other hand there has been a sort of rivalry 
between ,jthe mechanical distributor sind tungsten 


minute* Heyond that speed the cost of mainicna 
rises rapidly, and American experience indicatc.s t 
for speeds much beyond 40 words a minute the type 
principle is the best. The t 3 ^ewheel machine, ho^ve^ 
has the advantage of great simplicity of print 
mechanism, and in one or two cases good results 
being obtained at higher speeds. There is a sin 
t 5 ?pewheel instead of 26 typebars, and parts, and tli 
is a simple little ink-roller instead of the n'^e.ssai 
complicated ink-ribbon feed with automatic rcvei 
The demand for speed, however, is insistent, and 1 
Western Union, as the result of great experience, 1 
decided definitely in favour of the typebar machi- 
The Morkrum model-15 teletype is one reply to t' 
demand. This m^ine lias an extremely ingenir 
rnechanical distributor and, having typebars, it woi 
well at 76 words a minute and has been tested up to 1 
words , a minute. These high speeds are quite pn 
ticablefor tape-printing, but, in the case pf page-printir 
time has to be allowed for tlie carriage to run back ai 
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at 76 or 80 words a minute the time of at least three 
letter signals must be allowed for the return of the 
carriage. This is not a serious drawback, but it is a 
deduction from the high speed in the case of a page- 
printer. The Kleinschmidt direct keyboard printer 
is another answer to this demand for a rapid typebar 
typewriter-keyboard start-stop printer. 

(6) Curved code-bars *—In the Morkrum model-16 
teletype there are two, amongst other, interesting 
features demanding notice, namely, the curved code¬ 
bars and the combined striker-bar and lifting-bar. 
These two devices effect a surprising simplification 
in a typebar printer. I devised these two features and 
patented them in Great Britain in September 1922 
(British patent 206976), only to find, on writing to the 
Morlcrum Company, that they had hit upon the same 
ideas independently. We afterwards found that a 
French inventor named Eglin had patented a printer 
employing the curved code-bar idea in December 1912. 
He did not use the combined striker-bar and lifting- 
bar, and his selecting mechanism is rather complicated 
and apparently not very practical, and his printer is 
not provided with a distributor. It is for multiplex 


. At B five magnets of the electrical distributor plan 
are shown controlling the code-bars, but the principle 
of the mechanical receiving distributor with a single 
magnet is readily applicable in the case of the curved 
code-bars, and it has been applied by the Morkrum 
Company in their model-16 teletype in a highly ingenious 
manner. 

I have described this curved code-bar machine at 
some length because of the remarkable simplification 
obtained b 3 ’' the arrangement shown at A together 
with the semicircular code-bars shown at B. The 
importance of this simplification lies in the necessity 
for high speed, at least 60 words a minute, for start- 
stop printers. For such speeds typebar printers appear 
to be best; but typebar printers, owing to their com¬ 
plexity, have hitherto been very costly. The simpli¬ 
fication resulting from the devices described above 
is therefore a distinct step forward, and in this respect 
there does not seem to be room for further improvement. 
The ink-ribbon mechanism of typebar printers is their 
one remaining drawback. It is more complicated than 
is desirable, and compares unfavourably in this respect 
with the simple ink-roller of the typewheel machines. 



Fig. C.—Diagram of curved code-bar printer. 


working with five selecting magnets, and it is not a 
start-stop printer like the machines referred to in this 
paper. 

In Fig. 6, A and B are tire second and tliird diagrams 
in my British patent 206976. The Morkrum Company's 
solution of the problem is substantially the same. In 
A the curved code-bars are shown in section at 1; 
2 is a typebar; 3 combines in one piece the selector 
latch, printing hook and connecting piece to the 
typebar, and 4 is the combined striker-bar and lifting- 
bar. At the right moment this bar moves forward 
and back as shown by the double arrow 6. When 
moving-to the right it no longer supports the latches 3, 
which then rest on the curved code-bars. It is under¬ 
stood that there are 27 of these latches, corresponding 
to the 27 typebars. For any given permutation of the 
curved selector plates shown at B only one latch 3 
will be selected and will be free to fall into the aligned 
group of slots, and the hook 6 will then engage with 
the striker-bar 4, and further motion of the Striker-bar 
to the right will cause the t 5 T)ebar to rise and print, 
When the bar 4 moves to the left, the wedge portion 
at 7 lifts all the latches off the code-bars, which are then 
free to be set into a new permutation by the next signal 
transmitted over the line. 


On the other handi I am informed by the Western 
Union that as the result of 16 years* experience they 
found ank-roUs a source of great trouble and worry. 
They have found ink-ribbons far less troublesome 
and also cheaper than ink-rolls. This appears to 
be another case in which the complexity of the 
“ Rolls-Royce ** is preferable to the simplicity of the 
wheelbarrow; 

(6) Standard speed and tape- or page-printing *—I have 
now completed the story of the new telegraphy and its 
machinery, and there remain only a few final words 
about one or two points that will cause difficulties if 
agreement is not reached in regard to them. They 
correspond in a curious way to the old problem of 
the standard railway gauge, which still gives the world 
some trouble. 

The first and most important point is the question 
of a standard speed. Clearly the start-stop printers 
must run at approximately the same speed ever 3 rwhere 
if there is going to be free intercommunication as on 
the telephone. In the case of the telephone this ques¬ 
tion of speed does not arise, because the speed is deter¬ 
mined by the human voice, and we all talk at about 
the same speed (100-to 200 words a minute) . In the 
case of printing-telegraphs the allowable speed^ variation 
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is small. Fortunately, so far as the machinery is 
concerned, this requirement is easily fulfilled by suitable 
governing mechanism, and tuning forks and the strobo¬ 
scopic effect enable speeds everywhere to be regulated 
with great accuracy in less than a minute. The diffi¬ 
culty arises from other considerations. 

The lower the speed the greater is the margin of 
security on the telegraph line; but the higher the 
speed the more words can be telegraphed within the 
time limit. The lower the speed the greater is the 
durability of the apparatus and the lower the main¬ 
tenance cost, and the higher the speed the lower are 
the capital cost and the maintenance cost of the wire 
plant in proportion to the work done. The lower 
the speed the greater is the accuracy on the part of 
the human transmitter of messages; but the higher 
the speed the more business can be done and the more 
information and instructions can be transmitted within 
a given time. For circuits superposed on telephone 
lines, low speeds, say 40 words a minute, are desirable, 
while on ordinary telegraph lines higher speeds, say 
60 words a minute, have advantages. 

As start-stop printers or teletypes will have to be 
linked up with channels of the multiplex, the speed of 
the telet 5 ^es will be controlled by the speed of the 
multiplex, a matter quite easily arranged. Certainly 
it would not be practicable to alter the speed of big 
multiplex installations and networks, and quite impos¬ 
sible to give different speeds on different channels of the 
multiplex. Also the speeds of various multiplex installa¬ 
tions differ in accordance with the line conditions. 
Certain fixed speeds for the multiplex are necessarj^, 
and a convenient solution of the intercommunication 
problem seems to be speed-change gears on the teletypes. 
The question does not arise in the case of carrier-current 
or tone-selective channels, except that the start-stop 
printer speeds between two correspondents must be 
the same. 

There is still another question. What is the best 
working speed for a typist ? There is complete dis¬ 
agreement everywhere on that point, and tlje rate 
advocated ranges from 40 to 80 words a minute. Appar¬ 
ently 60 words a minute may be accepted as the happy 
mean; but on long ^d difficult telegraph lines the 
speed of 40 words a minute gives a wider and safer 
margin for working. Evidently start-stop printers will 
have to be provided with three-speed or even four- 
speed gears like a motor-car, say 40, 60 and 80 words a 
minute. Two subscribers, on being connected at 40 
words a minute, could agree on increased speed and 
gear up accordingly by moving a lever on each teletype. 
Even speed gears would necessitate agreement about 
the three or four speeds to be provided. These would 
have to be standard; but it would be much easier to 
a^ee on three or four speeds than on one. The question 
will havejto be decided largely by experience, and for¬ 
tunately in America there is a splendid field for experi¬ 
mental settlement of the problem. Later on, so far as 
Europe is concerned, there will have to be international 
agreement about start-stop printer speeds, and such 
agreement will have to include all .leading nations 
because,, in the course of tin^e, teletype exchange and 
multiplex^^prkmg certainly ^tend through ocean 


cables and possibly by wireless across the great 
oceans. 

The second and only other serious controversial 
point in connection with the new telegraphy is the 
question of tape- or page-printing. Tape-printing 
is considerably simpler than page-printing. It is 
therefore cheaper and the maintenance cost is lower. 
Also, for the distribution of market prices, weather 
reports and news to farmers and other private sub¬ 
scribers, tape-printing would appear to be the best 
arrangement. Using pre-gummed tape like postage 
stamps, the printed tape can be readily attached to 
sheets of paper. In the case of the Western Union 
Telegraph Co., after having about 2 000 page-printers 
in use all over the United States for the past 8 or 9 
years, the company has decided to change over to tape- 
printing, and has already ordered over 800 tape-printers 
to replace page-printers. In this case, however, there 
are special reasons in favour of tape-printing, which 
do not apply in the case of Government administrations. 
There is sharp competition between the Western Union 
and the Postal Telegraph companies, and the Western 
Union prefers not to send out messages with visible 
corrections. Consequently, messages containing eiTors 
have to be retransmitted. This occasions loss of time 
and labour, which is avoided with tape-printing, as 
errors in tape can be cut out so as not to show in tiro 
finished message. There is also a considerable per¬ 
centage loss of time in transmitting the signals 'to ruai 
the typewriter carriage back and turn up to a new 
line, and at the end of messages time must be given to 
the printer attendant to turn up to a new message 
form for printing the next telegram. In the case of 
news messages, on the other hand, page-printing has 
great advantages, because it saves time and labour, 
and it is doubtful if large firms with much telegraph 
traffic would accept tape-printing on their teletype.s. 
They are accustomed to typewriters and they will 
demand typewriter service. That is to say, they will 
probably demand page-printing. 

It is clear that there will be trouble if one subscriber 
has a tape-teletype and another a page-teletype. As 
it happens, a message containing page-printing signals 
will print all right on a tape-printer, but a message 
tr^smitted for a tape-printer without page signals 
will not print on a page-printer. A tape-printer typist 
could send the page-printing signals even on a tape- 
printer keyboard, but the situation is not as clear as 
could be desired. Of course as long as the Western 
Union and the Bell Telephone Co. confine tliemselves 
to iheir present plan of selling telegraph typewriter 
service only to business firms for use on their own private 
wires within their own organizations, the problem of 
tape- or page-printing will not arise. Each firm can 
choose tape- or page-printing; but when the inevitable 
linkiug up of such private-wire . systems through a 
teletype ex^ange takes place, the tape- or page-printing 
problem will require consideration. One point to be 
borne in mind is that when start-stop printers are being 
used in great numbers, prices will come down, and it 
w^ then be practicable for firms to have several tape- 
printers .and several. page-printers, giving , the 
option |Of either taper or page-printing. | Fpr .certain 
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classes of work page-printing is impossible. Fig. 3 
is an illustration of what tape-printing can do and what 
page-printing cannot do. There is certainly much to 
be said for tape-printing in connection with the new 
telegraphy, but, on the other hand, page-printing 
saves time and labour when there is much tra£&c and it 
gives nicer-looking results. 

(7) A universal printer ,—^Another point for considera¬ 
tion is whether it is not possible to have a universal 
printer available for all telegraph service. This, I 
understand, is the idea at the back of the mind of the 
Western Union, and there is much to be said in its 
favour. It certainly would be desirable to have a 
universal printer that would do for multiplex circuits, 
for start-stop circuits and also for stock-ticker service; 
and I, and no doubt others, have had our thoughts 
directed to this ideal for a long time past. Such a 
printer would be the real Ford car of printing telegraphy. 
A printer absolutely identical for all services is evidently 
impossible, but the modifications required for each class 
of work are not serious. The five-unit alphabet being 
used, all the essential parts of the machine would be 
the same for each service. This would allow of pro¬ 
duction in quantity, with corresponding reduction in 
cost and corresponding extension of the field of tele¬ 
graph service. The answer of the Morkrum Company 
to this requirement is the new Morkrum model-15 
teletype which will work up to 80 words a minute. 
It iS tape-printing or page-printing as desired. It 
is a start-stop printer with a direct-transmitting type¬ 
writer keyboard, or it can be used with a keyboard 
perforator and automatic tape transmission. By sub¬ 
stituting five selecting magnets it can be used on multi¬ 
plex circuits. Apparently there is nothing to i)revent 
any of the start-stop machines being so constructed 
as to be available with suitable modifications for these 
various services, and it will be a question for time and 
the telegraph administrations to determine which is the 
best. ^ 

Hitherto stock and news service has been confined 
to city limits on account of the step-by-step principle 
of signalling employed.* The use of a modem start- 
stop printer for the distribution of news and market 
prices will sweep away the city limitations of stock- 
ticker service, and distribution will become nation-wide. 
The five-unit alphabet being used, there will be no bar 
to universal ticker service, including distribution to 
distant centres over channels of the multiplex. Prices 
are already being broadcast by wireless; but the 
arrangement is unsatisfactory. Only a few leading 
prices can be given, because to listen to a whole stock- 
list for the day by wireless would, be unendurable. 
Also, broadcasting suffers from all the disadvantaps 
of the telephone. It is a voice and nothing 
more. There is no record and there must be fixed 
times for listening, and there is the risk of error 
of die telephone plus the risk of error from atmo¬ 
spherics ot static. The printing-telegraph for news is the 
only way. 

In America, for instance, there is already a very fine 
ticker Service (and so there is also in this country); 
but with the new machinery, it will certainly develop 
to a! marvellous extent, covering the whole of the United 


States and Canada, and ser\dng not only stockbrokers 
and produce dealers but also farmers and private homes. 
Every well-to-do family will have its ticker service super¬ 
posed on its telephone line for news and its radio set 
for amusement. The family will turn on the music 
and read the news. 

(8) Prices ,—^At the back of all die wonderful possi¬ 
bilities outlined in this paper is the question of cost. 
Will it pay ? That depends on die value of the service 
rendered. Printing-telegraphs have already proved 
extremely iraluable to telegraph administrations, and 
there is acknowledgment of that fact in the annual 
report of the Western Union Telegraph Co. for the 
year 1920. In that report it was stated that, since 
1915, multiplex printing:telegraph apparatus had been 
installed costing approximately 2j million dollars, 
saving die expenditure of $16 685 000 on wire plant, 
which odierwise would have been required. Nothing 
was said in the report about the labour-saving, which 
is known to be substantial; and during the four years 
that have passed since that report was issued there must 
have been still further expenditure and resulting econo¬ 
mies both on lines and labour, bringing the total saving 
to the Western Union up to somewhere about 4 million 
pounds sterling. There is no doubt that printing- 
telegraphy is very profitable to the telegraph administra¬ 
tions. It is also very profitable to newspapers and 
news-distributing organizations, and the stock-ticker 
service manages to pay its way in most countries. 
This paper also will have been written in vain if the 
start-stop printers do not render profitable service 
on a large scale; but ther6 is a law of diminishing 
returns in such cases, and the margin of cultivation may 
be taken as the employment of the start-stop ticker 
in the home. For stock and produce brokers, merchants 
and farmers, the teletype will undoubtedly render 
commercially valuable service for which it will be worth 
paying a substantial price; but in the home the ticker, 
l iTfft radio apparatus, must be regarded as a luxury, and 
the extent of this particular market will depend on low 
prices and cheap maintenance. These are also important 
considerations in the more profitable markets already 
referred to. In short, everything depends on the 
price. 

Reference has already been made to the unprofitable 
years of development work and the heavy expendi^re 
incurred in producing these simple-looking little 
machines, the start-stop printers. Naturally the manu¬ 
facturers have to get their money back with a profit 
or go out of business, and the present selling price of 
these machines is therefore about £90 to £180, depending 
on the amount of apparatus and kind of service required. 
Not only has the production been expensive, but the cost 
of selling is liigh. The ‘' education of the market" takes 
much time and money, ■ However, with the increase in 
the numbers sold, the cost of selling as well as the cost 
of making will fall, and when the stage of mass production 
by tens of thousands is reached and orders run into 
thousands at a time, the prices will fall probably to 
about twice the cost of a typewriter of the better cl^. 
If‘the total sales ultimately go into the millions like 
typewriters, it-is possible that tiie prices will come‘down 
to the typewriter level, and they will then find their 
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way into the more prosporous homes, jnst as tlie portable 
.^e^ters are doing. Mr. G. M. Yorke, Vice-President 
m Charge of Engineering, Western Union Telegraph 
^mpany. New York, writing to me on the 1st May, 
iy24, said:— ^ 

" We agree with you that one difficulty about the 
pnntog-telegraph business is the cost of the machines. 
We hope to get American manufacturers on a Ford-car 
basis within the next 6 or 6 years. However, on the 
whole, our regrets in connection witli our printing- 
telegraph developments are small.” 


In conclusion, it may be of interest to add that 
official steps are already being taken to investigate the 
new telegraphy thoroughly under experimental con- 
dition^ and, if the results are promising, it is prob¬ 
able that some form of practical trial will be made. 
Fortunately, the new telegraphy lends itself readily to 
^enmental laboratory trials with a couple of sinall 
10-lme switchboards and a dozen start-stop printers 
and I anticipate that, as the result of this paper' 
exp^mento of this kind will before long be instituted 
by all the leading telegraph administrations. 


Discussion before The Institution, 18 December, 


• Although I am not at 
hbei^ to speak very freely on this subject, I should 
not like It to be thought that the Post Office does not 
feel toe keenest mterest in the proposals put forward 
by t^ author. I might say, indeed, that any sugges- 
rion from hm on a subject of this sort would always be 
tlie greatest respect, and, as he knows, 
ps me ^eady bemg taken in a practical way with a 
view o gmng his proposed method of communication 
a practical frial under the most favourable conditions 

T that way 

l^ave a certain 

^ount of actual evidence to show to what extent the 
public IS prepared to support the proposal to 
^ P^ti“8'telegraph switching S3retem for 
persons use by subscribers. I rather emphasize the 

Z2l ^ t,f view Sat ^ 

appeal to those who have had occasion to study the 
vie^omts of different nations, or to compare th^ 
vanous degrees of responsiveness to publicity and 

quite agree mto the author that the great weakness of 
oS ^liat he calls terminal facilities 

proposals involve many 
economic 

dSSS’ is present no scions 

imcniiies. The author describes enthusiasticallv nuri 
quite le^timately the large numbers oTSSls of 
wmmumcation that can now be obtained from a single 
^e^aph or telephone line by modern mSthoT^f 
mffihpiexmg or superposition. These methods have 
gone very far and will no doubt go furtherStffi to 

^Pton. appi.„ft„ ..a 

systemsSrhich areit toS switching 

sdves that theS^H^« S ® complex in them- 

multiplexed 

to claim,. a« he does, that the. teleiJi'Slfto^^S 


intelligence with a far smaller number of line impulses 
than the telephone, but I think that his arguments on 
pages 248 and 249—based on his Fig. 1—go ratlier too 
far. The telephone has to transmit over its hne a fre¬ 
quency as ffigh as 2 600 per second in order to be pro- 
pOTly intelligible, and the equivalent telegraph speed of 
that hne, at 7 impulses per letter, is 6 860 words per 
mmute. It seems too good to be true! I tbinV tliat 
the autoor is overlooking one thing which entirely 
altms the practical aspect of the comparison, and that 
IS the respective efficiencies of the receiving apparatus— 
m one case a telegraph receiving apparatus, and in the 
other case the human ear. The power of the human 
CM to correct distortion and to transmit intellfeible 
sipals to the brain is nothing short of marvellous, 
whereas only a slight amount of distortion will com¬ 
pletely upset a printing-telegraph receiver and convert 
its record into a mass of meaningless symbols. It is 
generally admitted that the telephone is not well 
adapted for the transmission of written messages and 
figure, birt that disadvantage applies rather to its use 
by the pubhc than to its use by practised experts who 
are accustomed to work together. It is generallv a 
dow and painful business to dictate a phonogram, but 
I have listened to the transmission of news at a very 
rap^ conversational speed between London and Paris 
on frequent occasions, practically without any hitches 
or any requests for repetition, and being taken down, 
of course, in shorthand at the other end. I have been 
too, in the offices of busy stockbrokers who have been 
tr^acting important business over the telephone 
Md receiving figures and fractions at high speed, and 
the work has been going on with perfect facility and 
no sign of any strain. I feel that one must be fair to 
the telephone in this respect. I think also that the 
author is a little less than fair to the possibiFties of 
broadcastmg mmket news b}' wireless; and I would 
suggest that it is not very safe policy for a printing- 
telegraph engineer to make Kght of such possibilities 
welcome the paper as a notable contribution towards 
the very desirable end of revivifying the telegraph 
service, which, both in this country and elsewhere, has 
been m danger of sinking into quite undeserved dis¬ 
repute. As the author remarks, the need for a simple 
p^tmg instrument for the use of renters of private 
between their offices and public tdegraph offices 
^ been felt for many years and is now at last met 
Ihe same instrument is excellently suited for a direct 
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intercommunication system, if such a system is wanted 
by the public. The start-stop feature, which has so 
many advantages, is perhaps not ideal for a switching 
system to be used outside of office hours. I question 
whether many people would care to transmit important 
confidential messages without having received an inti¬ 
mation that they had really been placed in communi¬ 
cation* with the office they required, and without any 
acknowledgment of receipt. I rather think that the 
fear of having got connected to a wrong number, and 
of giving some useful information to a competing firm, 
would be a decided deterrent to the adoption of such a 
system. I am not impressed either with the suitability 
of the printing-telegraph for sending and receiving service 
switclnng instructions. In spite of the attractions of an 
entirely separate telegraph switching S 3 ^tem with 
multiplexed lines, I think it would be well not to rule 
out the idea of combining it with the general telephone 
system, which already provides a great and ever-growing 
network of switching channels running everywhere. 
The new S 3 ^teni of voice-frequency telegraphy makes 
it possible for the telegraph to be worked on any circuit 
that will carry a telephone conversation—with all its 
equipment of manual or automatic switchboards, 
transformers, loading coils and speech relays—^and 
the facility of switching at will from the telephone 
instrument to the printing-telegraph, and vice versa, 
musl; prove a great asset. The telegraph instrument 
must, of course, be suitably designed and equipped 
from the signalling standpoint. Its line current must 
be kept very low in order to avoid interference with 
the telephone system, but that is a condition which 
must apply in any event, as telephone and telegraph 
conductors are now inextricably united in the new 
underground cable system of the country. I might 
remark also that the author's financial calculations as 
to remunerative rates, etc., refer to conditions which 
seem to approach a good deal closer to the ideal, in 
the xngitter of steady and continuously sustained traffic, 
than is ever likely to be experienced. As regards the 
automatic switching of telegraph circuits, it may interest 
the author to know that a good many years ago the 
question of converting the London intercommunication 
system to automatic switcliing was under consideration, 
and a system was designed (on paper) which would 
have met all the conditions. It was not proceeded 
with because it was then becoming obvious that the 
competition of the telephone would, in a comparatively 
short term of years, do away with the need for main¬ 
taining^ a telegraph switching system for the offices of 
the London area. 

Mr. J. Newlands : The author says that the tele¬ 
graphs as we know them in this country are slow, 
costly and inefficient. From the commencement (in 
about 1846) the telegraphs grew like a tree and the 
different branches had to be interconnected. It is 
still much too like a tree; there are far too many 
different transmitting points, and that is the real cause 
of this slowness and costliness. In the early days 
different kinds of apparatus were taken over from 
different companies, many of which have entirely dis¬ 
appeared. The single^needle system has practically 
gone out of the Post Office service^ as also have the I 


acoustic needle, the A.B.C. and Bright’s bell. We have 
here a paper the author of which tells us candidly 
that he thinlcs the day has come when the sounder 
also ought to go—^that it has served its day and genera¬ 
tion, and has become more or less obsolete. I am 
inclined to agree with him, but we must remember 
that while the sounder is very cheap and easily pro¬ 
duced in large numbers, the present cost of the teletype 
is almost prohibitive. I quite agree with the author 
that there are too many circuits, and that the terminal 
facilities are at fault. What is the reason ? The 
apparatus is far too slow; the operators were too 
slow; many of them are still too slow. I tried for 
many years to improve the rate of working by what is 
known as the average ” system; but my efforts fade 
into insignificance compared with the author’s sweeping 
recommendation to “ scrap the lot.” As the telegraph 
business grew, the number of offices on a circuit had 
to be reduced to 3, 4 or 5. There are very few circuits 
that I can recall which have more than 5. Now, if 
the teletype is so constructed that not 6 but twice or 
three times 5 offices doing a moderate amount of busi¬ 
ness can be put on a telegraph circuit, then its increased 
rate of working will enable a great many of the existing 
circuits to be grouped on to one teletype, and in that 
way it will effect economies at transmitting offices. I 
think that is possible. The telegraph distribution 
system of this country will have to be totally revised 
if the teletype is to Imve a really good chance. If the 
sounder is to go, then I would suggest that the trans¬ 
mitting offices should be roughly something as follows : 
London (with a wide area), Bristol, Norwich, Birming¬ 
ham, Nottingham, Sheffield, Leeds, Manchester, Liver¬ 
pool, Glasgow, Edinburgh, Aberdeen, Belfast, Dublin 
and Cork; that these larger places should be freely 
interconnected, and that they should reach all the 
area around them. This would, I believe, greatly 
reduce the number of transmissions to and from rural 
localities, probably to an average of two per message. 
The author, in endeavoming to show how people 
sitting in their offices could be connected all over the 
world, refers to the question of a ” bottle-neck ” at 
the cable ends. Now, one of my former operators, 
Mr. J. B. Heggerty, suggested a reversion to the old 
Umschalter switch such as is now used in Belgium. 
He proposed a system of joining through each telegraph 
office ” direct ” to any other office it required, each in 
turn. That is perhaps suitable in a country such as 
Belgium, where Antwerp and Brussels are witliin easy 
reach of the whole system, but Mr. Heggerty’s scheme 
was turned down for the reason that it is mipossible 
to be continuously altering the length of a circuit. 
The author proposes to switch tlirough direct up to 
6 000 miles. The faults which are inherent in our 
telegraph system would, I think, condemn such a 
scheme as that; there would be ” bottle-necks ” all 
over the country. With regard to a teletype exchange 
S 3 ^tem for London, I do not think there is a real case 
for tliat at all, Tlie author admits that the telephone 
is much better suited for such a populous city, where 
tliere is not a great deal of telegraph communication 
except between the head office and a business firm’s 
works. On the other hand, I tliink that if there is an 
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efiEective demand in tie country for a teletype exchange 
similax io the telephone exchange, it ought to be 
attached, not to the telephone S 3 rstem, but to the 
cMei or central telegraph office, which, in connection 
with its phonogram room, should have certain wires 
put apart. Let me take for illustration the most 
central town in England. If there is an effective demand 
on the part of business men or. stockbrokers or banks 
for a teletype exchange from London to rarminghatn 
I think the department should put one good experi¬ 
mental wire at the disposal of^the Central Telegraph 
Office and see what it can obtain'in the way of business. 
I see great possibilities in the way of the .simplification 
of telegraphy by the adoption of the teletype for 
speeding up the telegraphs. I see the prospect of great 
economies on the part of the administration, especially 
if the cost of the telet 3 rpe can be lowered, and, if the 
telet 3 Tpe apparatus can be made in bulk in this country 
and can be placed at tlie command of the Post Office, 

I think that it will make very rapid progress indeed. 

Mr. E. H. Shaughnessy : On page 264 the author 
sa^ : The circuit faciUties wiU be still greater when 
half a dozen wireless beams work across the Atlantic 
each at 300 words a minute." I think that this is 
even more than wireless engineers will prophesy witli 
any degree of confidence; but on the next page I 
read that: " Even if this were possible, there are the 
maccuracy of wireless, interference troubles and atmo- 
sphencs, and there is no way of answering back." 
bo tlmt although he is looking forward to wireless to 
help him, at the same time he says that wireless is no 
good, men discussing costs, the author speaks of 
the mpidity with wliich this scheme will enable tele- 
^aphy; to be carried on, and on page 260 he says • 
that the telegraph possesses over 
the telephone IS that a telegraph message can be stored 
“y '^h®re there may be a ‘ bottle-neck,’ 

Iw transmission." This indicates 

^t a fault of the present telegraph delay owing to 
bottie-necks IS even turned into an advantage in this 

st^^t' the teletype, or any fofm of 

start-stop pnnter, viz. £90 to £180 as given by the 
auttor, must undoubtedly be reduced if the teleCTaph 
IS to compete with the telephone. It will be a^very 

subscribers are obtained! 
m each of whose offices an instrument costing £100 
^1 have to be installed. First of all this would involve 

io?e instruments 

alone and I thmk that is the sort of development 
visualized by the author in 25 years’ time. 

Mr. J. E. Kingsbury : Reading the paper from the 
telejffione point of view I have some doubt whether it 
^ be possible to introduce his method in the way the 
author suggests. For the purpose of analogy^ have 

thme^i?e*t^r railway traffic, of which 

ttme are two lands, passenger and goods. The 

passenger traffic we may consider as being of the first 
importance, and-for the purposes of analog ^ ^av 
speech the passenger traffic and the w^en worn 

tr^c ar^e usuallyi regarded as at veiy expensive item 
and oijly; to. be taken advantage of. by thwa who have 
a great quantity of goods to drapatch. Terminal 


facihties from the point of view of the telegraph were, 
we must remeniber, suggested even earlier than the 
author records in his paper. Simply as a matter of 
history I should like to remind him that the first 
exchange system was that patented by Dumont in 
1861. It was there suggested that the telegraph line 
should be taken into the house or the office of the 
sender and the receiver. Now if the most is to be made 
of long-distance facilities the goods must be collected 
in detail, forwarded in bulk and distributed in detail. 
In a sense that is what is done by ihe telegraph of 
to-day. The author suggests that better results can 
be obtained only by forwarding direct from the sender 
to the receiver. To my mind that is all a question of 
cost and convenience. In the case of a line capable 
of conve 3 Tng the number of vibrations shown in Fig. 1 
(which are adapted to the machines at either end as at 
present used, but depend for the economic use of the 
hne tdegraphi^lly on tlie multiplication of a number of 
machines utilized by different people), economy is 
dependent upon the simultaneous requirements of a 
number of people to use that line—and in practice, of 
course, the requirements will not be simultaneous. 

collection of goods at a central depot, from whence 
ffiey would be forwarded in bulk to some other distri¬ 
buting cenrte, would enable more traffic to be obtained 
rom the line itself than would the general provision 
of terminal facilities. On the other hand, ther% can 
be no question of the great advantage to certain users 
of durect telegraphic communication such as the author 
propose, but I would suggest that the system should 
be taed in the first instance in an independent teletype 
exchange. I think that if the teletype printer were 
added to the existing telephone system, the telephone 
suteOTber would strongly object to find that his line, 
which was adapted for passenger service, was being 
monopolized for goods to the detriment of his passenger 
service. ^ Again, the cost of the teletype appears to 
be so high as to justify the further increase necessary 
to j^ve It a separate line. Therefore I think that the 
author should amend his estimates by making provision 
for a separate teletype exchange in order to give the 
system a fair trial. 

Mr. T. B. Johnson ; I agree with the author that 
there is a field for the extension of the telegraph in 
work for which it is more suitable than the telephone; 
and I say that in spite of the fact that I am an enthu-/ 
siastic advocate of the development of telephony, 
and specially automatic telephony. The crux of the 
question is to what extent the business man really 
wants a written record. It is exceedingly crSlitable 
that transactions of such importance as are carried 
on at every moment of the day, depending entirely 
on the word of the men at the ends of the line, are 
honoured and carried out, but still there is some need 
for a wntten record. Whetha: the start-stop printers 
requirements I am unable to say. 
but if they will—and the author states that they can be 
tiansfwed from a short to a long Une—then l believe 
that there is a field for them. Broadly speaking,, 
material is cheap and labour.is.dear; and if we can 
save labour every: day the cost of these machines, 
which wiU inevitably faff: considerably as their use' 
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extends, will not be a really serious bar. At the present 
time there is far too much writing down of telegrams in 
different places. Take Leeds and Bradford, for instance, 
each of which cities has some smaller telegraph offices 
connected with it; A telegram from a place near 
Bradford has to be written down in Bradford; it has 
to be transmitted in turn to Leeds and to the office 
near Lgeds. Teletype exchanges at tliese two cities 
would save a good deal of transmission, and each 
transmission in addition to the cost also involves an 
additional risk of error. The author, in his estimates, 
has not taken sufficient account of the cost of labour 
at the switching centres. In practice it would be found 
that the cost of switching of telegrams would be much 
more than he anticipated, and telephone engineers will 
agree with me that the cost of switching, no matter 
what attemps are made to cheapen it, is always appre¬ 
ciable. It would, however, be much less than the 
present cost of writing down and re-transmitting. I 
do not agree with the author that farmers will take 
much advantage of the teletype machines ; the English 
farmer is much too conservative. It is very difficult 
to persuade him to take a party-line telephone; and 
when some time ago the Post Office telephone autho¬ 
rities distributed weather forecasts from their rural 
exchanges, it was found that so few people wanted 
them that they have been practically discontinued. 
Another important point is that these machines must 
be so constructed as to require no adjustment at the 
subscriber's office. Although I do not think that the 
sounder will become obsolete, its use will continue to 
diminish and the tendency which there has been of 
late years to make the telegraphist either a t3^ist or a 
mechanic will continue at an accelerated rate. The 
^yp® printer is bound to supersede the sounder for the 
greater part. It is rather surprising—as showing the 
conserv,atism of the ordinary English user—to find 
how little the facilities which the telephone administra¬ 
tion doQs give in other directions are made use of. For 
instance, very few people take advantage of the system 
whereby a telegram may be addressed to a person's 
telephone number, thus enabling the message to be 
telephoned from the main telegraph office and saving 
the time occupied in delivery. 

Mr. A. E. Thompson : In view of the subtlety of 
the distinction which the author has drawn between 
the telegraph and the telephone, the fact that the 
ordinary business man with the telephone at his elbow 
uses it for much traffic that could be handled more 
economically by the telegraph is . not surprising. 
Undoubtedly the telegraph has suffered by the want of 
a satisfactory connecting link between the user and 
the administration. Instead of being regarded as a 
normal means of communication, it is only used in 
extreme necessity and it has thus become associated 
not with the active side of life but rather with 
catastrophe, sickness and death. Telegraphy has thus 
itself become enfeebled. In comparing the relative 
transmission efficiencies of the telegraph and the tele¬ 
phone, the author states that when the word " Paris 
is .spoken, 366 waves ;are transraitted, as against 
21 waves when the same word, is telegraphed. This 
assumes that only the fundamental frequency is trans¬ 


mitted in the case of the telegraph, whereas the square¬ 
shaped signals necessary for machine speeds are built 
up from a number of harmonics. The importance of 
these harmonics is clearly illustrated by the “ com¬ 
posite " system of superimposing. In this system the 
telegraph signals have to pass through a filter network 
having a fairly sharp cut-off at about 80 periods per 
second. It . is not possible, however, to telegraph at 
this speed, and in practice the maximum speed obtain¬ 
able is between 20 and 26 periods, which is sufficiently 
low to permit the third harmonic to pass freely through 
the filter. A more direct, and more striking, illustra¬ 
tion of the admitted economy of the telegraph, from 
the line standpoint, is afforded by the Western Electric 
Co.'s " voice frequency" telegraph system. Take, 
for example, a 4-wire telephone circuit providing one 
speech channel in each direction. If the telephone is 
given up, and if the same line plant is then equipped 
at its terminals with the Western Electric system, 
from 10 to 12 independent telegraph channels can be 
obtained. Each of these channels may, in turn, be 
equipped with multiplex-quadruplex printing telegraph 
apparatus, giving a total of 40 to 48 message-channels, 
or a traffic-carrying capacity of approximately 1 200 to 
1 400 words per minute. If only two wires are available 
the traffic-carrying capacity is reduced to 600 or 700 
words per minute, but tins is still considerably more 
than the telephone can handle. In the section dealing 
with teletype exclianges, the author states tliat 
the Bell Telephone Co. is starting to sell telegraph 
typewriter service to business men in Chicago, on 
similar lines to tlie Western Union. This may perhaps 
give the impression that leased wire telegraph service 
is a new practice in the United States, whereas the 
Bell Telephone Co. has, of course, been leasing printing 
telegraph facilities for a number of years past. The 
only new feature is that the Illinois Bell Telephone Co. 
of Chicago is now offering the teletype apparatus 
for use on its lines. With regard to the telegraphy 
of the future, a matter which requires some considera¬ 
tion if the telegraphs are to be linked up on an 
extensive scale is the establishment of a standard 
6-unit code. At present three or four different arrange¬ 
ments of this code are in use in Europe, but investi¬ 
gation will probably show that tlie code used by the 
teletype," the Murray multiplex, and the American 
multiplex and start-stop systems, is the most satis¬ 
factory from every point of view. When the 
administrations adopt a common 6-unit code, then 
with such developments as the simple typewriter- 
telegraph, the " composite" system, and the " voice 
frequency" telegraph system, the author's vision of 
the new telegraphy should soon be realized. As Mr. 
John Lee, the Controller of the Central Telegraph 
Office, so aptly states in his book " Telegraph Practice," 
" The old mystery of the telegraph is breaking down: 
the public is no longer to be separated from the 
organism by the fortification of a counter. The tele¬ 
graph system is no longer to find its bounds and limits 
in telegraph offices; It will penetrate into industry 
itself j it vhU link up all manner of industries with each 
other and with whatever centrah^ing; bureau sjiall yet be 
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Major F« H. Masters : A previous speaker has 
stated that the facilities available for telephone sub¬ 
scribers are not made use of, and complained that it was 
difficult for the Post Office to advertise those facilities. 
A body known as the Telephone Development Associa¬ 
tion has recently been formed, and it would appear that 
it should be part of their duty to advertise existing 
facilities. 1 should like to suggest to the author that 
some of the advantages w^hich he puts forward for the 
teletype system could be obtained rather more simply 
by using the telephone in connection with the telegraph, 

Mr. W. J* Thorrowftood : A point of view which 
does not appear to have entered into the author’s 
calculations concerns the user of this apparatus. It 
has been said that the user of a telephone does not 
always know how to manipulate a receiver after he 
has used it. If he is to use the teletype machine to 
any extent, I. venture to say that the cost to him of 
learning how to use it will be very considerable. A 
man operating a typewiter at 40 words a minute 
must give his whole attention to the work; whereas 
if he speaks over the telephone he is thinking of what 
he is sajdng, and he conveys a good deal by the way 
in which he says it. The teletype writer to an ordinary 
user is not so comfortable to use as a telephone, and a 
telephone lends itself so easily to business men that it 
seems to me that a teletype has no chance at all— 
certainly in view of the possible advances that can be 
made in 25 years, the period mentioned by the author. 
When calctilating the number of words that can be 
sent by telegraph, or telephone, it must be considered 
that the unit of telephone communication is not letters, 
words, or messages, but a conversation, which may 
consist of several messages, certainly not less than two. 

Mr. A. G. Brown : There is one thing which might 
very easily alter our conception of the whole subject, 
and that is the Telephonograph.” That, of course, is 
not a new proposition; it is quite possible now for 
telephone subscribers to have an instrument wliich will 
automatically start when a call is given from the 
exchange, and which will record the telephone message 
and deliver it up 'when it is wanted. I fancy that a 
considerable use of such apparatus would enable a 
great rnany of the difficulties of switching to be avoided, 
and might possibly considerably affect the number of 
telegraphs required. 

Mr. J* S. Jones : The author appears to base his 
attack on the existing telegraph service in this country 
on two paragraphs which appeared in the Daily News, 
The first of these paragraphs, however, has no reference 
to the British telegraph service and the second is 
largely incorrect. The alleged system of telephoning 
express messages from one exchange to another has 
never existed and the subscriber at Norwood, far from 
^ving a new facility in being put through to the 
Central Telegraph Office, has in fact had that facility 
for 30 years. I do not think, judging from the evidence 
at the General Post Office, that the public is dissatisfied 
^th the present telegraph service. The author thinks 
that there are too many circuits and I take it that he 
means, that the Post Office does not take proper 
advantage of the , devices which exist for superposing 
and multiplexing. Leaving reserve wires out of account. 


there are very few telegraph services in this, country 
which require two or more wires, for the reason that 
multiplex working is in operation on all heavy routes. 
Presumably the author’s view is that more could be 
done to cut down the number of physical circuits by 
forming channels by multiplexing, or by the tone- 
frequency method, and extending them by short- 
distance physical circuits—^for example, by fojrming a 
number of such circuits between London and Birming¬ 
ham and extending them to Nottingham, Manchester, 
etc. Such a method, however, has the great disad¬ 
vantage of placing too many eggs in one basket. In 
any case, expedients of this kind could be applied to 
very few routes in this .country. A system of trans¬ 
mitting centres as advocated by Mr. Newlands was in 
fact introduced in the British telegraph service nearly 
three years ago. It had some effect in reducing the 
number of re-transmissions of telegrams, but it could 
not reduce the number of re-transmissions per message 
by 2, as asserted by Mr. Newlands, for the reason that 
I the average number of re-transmissions per message is 
actually 1-2. The author envisages tlie telegraph 
service too much as a business-man’s service. It is 
used by all sorts of people, and the number of persons 
sending more than, say, three telegrams a day is com¬ 
paratively small. A very few send large numbers of 
telegrams and the system of direct telegraphing pro¬ 
posed by the author would be quite unsuitable for 
them. The author proposes the establishment of a 
telegraph system practically on the same Imes as the 
telephone service, but such a service would involve 
the provision of three or four times as many telegraph 
channels as exist at present. There is unquestionably 
a field for teletype exchanges, but it is highly improbable 
that the possibilities of development are as extensive as 
the author suggests. 

Mr. G. F. Findley {communicated ): It would appear 
that in order to obtam a true vision a forecast of the 
telephone development must be placed alongside this 
forecast of the new telegraphy. In view of recent 
achievements it is not necessary to consider the tele¬ 
phone development 25 years hence.. I think that the 
development of telephony in the next 10 years will 
make the present system appear very crude. The 
improvement in the telephone service provided by 
the '' no delay ” conditions created within the London 
“ toll ” area, between the Liverpool area and the 
Manchester area, between the Glasgow area and the 
Edinburgh area, etc., and the advance in transmission 
efficiency, manufacture, laying and maintenance of 
telephone cables and, last but not least, the'^advance 
made in the telephone repeater, force me to anticipate 
a telephone development along the following lines : 

(1) It will be possible at moderate charges for calls 
between all large cities to mature with a maximum 
delay of 10 minutes and for calls between towns within 
the vicinities of these, large cities to enjoy tlie same 
sta.ndard of service. In fact, practically the whole of 
Britain should have a 10-minute service on terminal calls. 

(2) The m^imum delay on a call from Plymouth to 
Aberdeen (a through call) should not exceed 20 minutes. 

(3) The telephone will become as vital as electric 
light and power, water, etc. 
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As the natural way to communicate with one another 
is to talk, I am unable, in view of my vision of the 
telephone development, to realize how the author's 
scheme can live. There will be no necessity to '*,tele- 
type " when one can “ teletalk " without delay and for 
a moderate charge. Where documentary confirmations 
are essential—and I am of the opinion that, with the 
advance^ of telephone education these confirmations 
will be very few—^the post will be sufficiently speedy. 
The author appears to have overlooked also the ease 
of correction by telephone as compared with teletype, 
especially simplex teletype, working. He says that, 
with the new telegraphy, telegraph instrument rooms 
will be deserted, as they will become switching centres 
and the stability of circuit conditions will be established. 
At present, it would appear that every circuit is worked 
under different conditions and that any scheme which 
embodies the word ** economy " a sufficient number of 
times is given prominence and a trial. I think that one 
of the real planlcs of economy is efficient standardization 
a.nd mass production, which will cheapen the article to 
the consumer. With simple apparatus such as the 
telephone and a straightforward issue, viz. Tlie 
required persons to talk," a delay of 60 seconds is 
experienced on long-distance calls, after the subscribers* 
telephonists have answered, bef{>re the required persons 
commence talking. I can see a considerable increase 
to this delay before " the required persons can type." 
Therefcure in all the circumstances—^the main being the 
development of the telephone—I cannot see the 
necessity to " teletype" when one can' " teletalk" 
with efficiency and economy. 

Mr, T, E. Herbert [communicated) : The first two 
parts of the paper may be described as an extension of 
a paper* read before the Institution of Post Office 
Electrical Engineers at Manchester on the 3rd March, 
1924. In general, the conclusion arrived at in the 
paper quoted is the same as tlie author's, viz. that the 
time has g-rrived when some form of automatic switching 
must be adopted. The telegraph ought to be the cheap, 
speedy and democratic method of conve 3 dng messages 
which cannot suffer the delay of the ordinary post. 
The cost of the telegraph plant is necessarily much less 
than that of the corresponding telephone plant required 
to convey a message over a moderate distance. If the 
plant or capital charges of telegraphs are compared 
with trunk-line capital charges, it will be found that 
the latter are much heavier. The net receipts from 
telegraphs are higher than for telephone trunk lines, 
and yet the former consistently register a loss and the 
latter a profit. The operating costs, including the cost 
of delivery of messages, are very high. By eliminating 
the re-transmission of messages, not only is the cost 
reduced but greater expedition is secured. It is, of 
course, a matter of opinion as to whether the business 
community can make use of a quick telegraph service, 
but it is certain that present-day business could not be 
conducted without our present means of rapid com¬ 
munication and transport, mechanical and electrical. 
It therefore seems reasonable to suppose that increased 
rapidity has a definite monetary value, ahd it scarcely 

♦ T. E. Herbert: *‘The Problem of the .Tel^graplis,** Telegraph and 
Telephone Joamalt 1924, vol. 10, p. 126. . - 
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seems idealistic to suppose tliat in time greater expedi¬ 
tion in business arrangements will become, not a luxury, 
but a necessity. This greater rapidity will have to be 
paid for, but if the results are commensurate the extra 
cost of telegraphing letters as compared with the 
ordinary post will assume very minor proportions. The 
telephone trunk conversation is regarded as essential 
for personal communications and personal discussions 
of urgency, and from the enormous use made of trunk 
lines it is clear that this aid to business is fully appre¬ 
ciated. The interruptions by telephone-calls on rela¬ 
tively minor matters are, however, sometimes serious 
and would be avoided by the use of a telegram—the 
caller has not to obtain a telephone connection, nor is 
the called person interrupted in his occupation of the 
moment. The telegram is received and dealt witli in 
the called person’s office, and the consultation which 
may be necessary for the reply is effected in the least 
possible time, since all the data are available when the 
matter is to be decided. All this, however, postulates 
a service which is cheap and extremely rapid. Close 
and careful investigation is called for, and from the 
large number of papers on the subject of telegraphs 
now appearing in various technical publications, and 
from discussions by telegraph and telephone societies, I 
think it is certain that the problems can and will be 
solved—to this end the author has contributed a most 
valuable piece of constructive criticism. On page 247 
he states that it is hopelessly idealistic to suppose that 
the telegraphs have value for short distances. It is 
by no means certain that the value of the written 
record and the avoidance of interruption to, and by, 
important executives has no recognized value. In tlie 
event of the main telephone exchange in a town or 
city being destroyed by fire, the telegraphs would serve 
to mitigate the disaster since there would be no difficulty 
whatever in providing a relatively large traffic-carrying 
S 3 rstem at short notice. The restoration of the exchange 
would necessarily occupy weeks or montlis, according’ 
to the size and nature of this damage. The engaged 
difficulty referred to on page 269 could be met in yet 
another way. The message might be received on a 
receiving perforator allied with a transmitter which 
would seize a waiting point for the line required and^ 
when this was free, proceed to transmit the message. 
The point to be appreciated is that this machinery 
standing idle waiting to re-transmit the message saves 
human labour, and it is the cost of such labour which 
necessarily keeps up the cost of telegrams. I am 
disposed to think that special circuits for telegraphs,, 
rather than the joint use of local subscribers' lines save 
for ver])’ small users, is the most probable development- 
The failure of the London intercommunication switch' 
is not a valid argument against the suggestions now 
made. It depended on manual switching and on the 
skill of morse operators at small offices. Also, it seems 
: possible that the area served by each office for delivering 
messages was too small for economical operation. The 
first step (p. 264) should, I think, be in the direction of * 
providing an automatic switching system such that no- 
manual re-transmission of messages should take place 
between telegraph offi,ces. In conclusion, I am by no- > 
means in agreement with the author's suggestion that 

. 19 
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telegraph clerks will disappear. It will be precisely as 
with automatic telephoue exchanges where a large 
number of women are always necessary for special 
switching, accounts work, and many other duties. So 
with telegraphs, a large staff will alwa 3 rs be required 
and if the volume of the work increases under the new 
conditions I think it more than probable .that the 
fimctions of the staff may be changed but that great 
displacement will not ocpur. 

Mr* Donald Murray (in reply) ; I am glad the 
Institution has given me so much liberty in the prepara¬ 
tion of this paper, because I might have been asked, 
quite fairly, to make it more technical in tone and sub¬ 
stance. In view, however, of the importance of 
attracting public attention to the idea of teletype 
exchanges, it would have been unfortunate i£ any 
restriction had been imposed on the popular journalistic 
method of presentation that I have adopted. Technical 
men would also have been justified in complaining of 
the length of the paper; but it has been well said by 
Sir Oliver Lodge that “ effective exposition cannot be 
done crisply and compactly.’* For these and other 
reasons I expected a good deal of adverse criticism,! 
and I have therefore been agreeably Surprised at the 
very friendly tone of the discussion and the considerable, 
degree of approval given to the scheme advocated in 
the paper. 

It is most encouraging to hear from Colonel Purves 
that the British Post Office is keenly interested in the 
proposals which I have put forward, and that steps 
are being taken to investigate the scheme with a view* 
to giving it a practical trial. I am also glad to hear 
from the Engineer-in-Chief of the British Post Office 
that on the engineering side the scheme presents no 
serious difhculties, and that it is essentially an econontic 
problem. That is a. point upon which I have laid- 
emphasis in the paper, and I am glad to have it con¬ 
firmed by so high an authority. Cplonel Purves makes a 
good point about the relative efficiencies of the receiving 
appliances in the case of the telephone and telegraph, 
in the one case the enormously sensitive and intelligent 
human ear, and in the other case inanimate and com-, 
p^atiyely insensitive telegraph apparatus. My reply 
is that vacuum tubes now far exceed in sensitiveness 
the human e^, and that there is no reason why all 
the telephone methods (including vacuum tubes) should 
not be applied to telegraphy. It is a physical impossi¬ 
bility to avoid the consequences of the facts displayed 
in Fig. 1. In any case the margin of about 100 to 1 
in favour of the telegraph and against the telephone is 
so great that heavy discounts can be allowed in respect 
to points such as that to which Colonel Purves has 
referred. 

Another point made by Colonel Purves is that he is 
not impressed with the suitability of the printingrtele- 
^aph for sending and receiving service switching 
instructions, and he is evidently not prepared to shut 
out the possibility of combining the teletype and tele¬ 
phone, switching from the one to the other at will. 
I glad to h6ar that, and two French inventions appear 
tp make it practicable to work start-stop printers 
tl^ough ordin^y telephone e:rchanges in conjunction 
with telephoues. 


The criticisms by Mr. Newlands are also very helpful. 
I agree with him that the present cost of start-stop 
printers is far too high. It is a new industry, however, 
and the preliminary expenses have been heavy. When 
the industry begins to pay its way, prices will come down. 
That has been the experience in all industries. It is 
very encouraging to have the opinion expressed by Mr. 
Newlands that when prices come down,, as the result 
of bulk manufacture of start-stop printers in this country 
these machines will make very rapid progress indeed. 
JVIr. Newlands refers to what I have called " bottle-necks 
—^points where telegraph messages accumulate and 
have to wait their turn. That, of course, would prevent 
direct communication; but the telegraph service at 
present is full of bottle-necks, with consequential delays 
and waste of labour in writing down telegrams, and it 
is one of the attractions of the printing-telegraph 
exchange idea that it will greatly reduce the number of 
bottle-necks, and possibly in time abolish them alto¬ 
gether. 

I admit that to work over 5 000 miles with the 
teletype is rather idealistic under present conditions ; 
but it is not impossible, because the Western Union 
Company is working six multiplex installations on six 
telegraph wires right across the American continent, a 
distance of about 3 300 miles. Each of these wires is 
carryng 100 words a minute simultaneously in each 
direction. Under these circumstances, to work the 
teletype at 40 words a minute over 5 000 miles presents 
no technical difficulty at all. In fact, on wires 3 000 
miles, long it will be easy to have two teletype channels 
simultaneously in each direction on one wire, a result 
eight times cheaper than the telephone, even if the 
telephone could work over such a distance with no more 
costly technical appliances than the telegraph, a thing 
that it certainly cannot do. 

The points raised by Mr. Shaughnessy are also good. 
Certainly the price of start-stop printers will have to 
come down very much before there can be any great 
extension of tlieir use ; but the present high prices are 
the main factor that will render it possible by and by 
to get the price down to a point much below the present 
rate. Capital must be accumulated to make cheap 
manufacture possible, and the manufacture of such 
machines must first reach the remunerative stage. 
That condition has not yet been fulfilled. 

Mr. Kingsbury’s remarks are specially interesting 
because they express the telephone point of view. His 
analogy with passenger and goods traffic on railways is 
illuminating and is rather adverse to the teletype 
exchange scheme, though he agrees that it is d’ question 
of cost and convenience. It is very instructive to 
hear that the telegraph exchange plan was patented as 
far back as 1861, because it is remarkable to note how 
many good ideas have been published and forgotten 
long ago, the time not having been ripe for them. In 
my paper I have taken the same line as Mr. Kingsbury 
in favouring separate teletype exchanges; but it is 
a point about which there appears to be considerable 
difference of opinion, especially in view of the two French 
inventions to which il have referred and in view of the 
. wonderful:capabilities of vacuum valves. 

One point mentioned by Mr. Johnson is the difficulty 
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about switching over from short to long lines. This 
certainly makes it difficult to apply the duplex balance 
in every instance; but in the case of simplex working 
there is no more difficulty in switching the telet 3 ^e 
rom short to long lines than in the case of the morse 
key and sounder. I am glad that Mr. Johnson draws 
attention to the waste of labour, inevitable under the 
present system, of writing down telegrams and rewriting 
them several times. That is one of the strong points 
in favour of the teletype exchange. As for the cost 
of labour at switching centres, referred to by Mr. John¬ 
son, it seems to be not unlikely that automatic tele¬ 
phone exchange machinery will talce care of this diffi¬ 
culty. 

An important point was raised by Mr, Thompson 
about my comparison of telephone and telegraph 
signalling in Fig. 1. The harmonics giving practically 
square-shaped telegraph waves certainly would reduce 
the ratio of 365 : 21 ; but telegraphy with the funda¬ 
mental frequency only and without any serious ad¬ 
mixture of upper harmonics is possible, and has indeed 
been advocated by Rowland, Squier and others. In 
any case the number of different harmonics in line A, 
Fig. 1, must of necessity be very large, and line D makes 
some approach, to one fundamental frequency. The 
unavoidable difficulty, so far as telegraphy is concerned, 
appears to me to be not harmonics but the changes of 
phase in the waves, which have to be made in order to 
transmit signals, because a pure sine-wave alternating 
current cannot transmit intelligence. For instance, in 
line D (Fig. 1) a half wave has been suppressed at P, 
thus throwing the succeeding waves completely out of 
step. In tlie next letter, A, a half wave has been re¬ 
versed from negative to positive. These changes 
of phase cannot be good for telegraphy when filter 
methods are employed; but telegraphy is impossible 
without either such changes of phase or changes in 
amplitude. Experience has shown that the latter are 
inadmissible, so we are left with changes of phase as 
the only practicable method of telegraphy: Just yrhat 
effect this , has on the comparison in Fig. 1 I do not 
know; bht the facts mentioned by Mr. Thompson 
indicate that it may be considerable. The figures given 
by him, in regard to the number of channels into which a 
telegraph wire can be split up by the Western Electric 
Co.*s methods, are astonishing and confirm the argu¬ 
ments in the paper. Mr. Thompson raises another 
important point, namely, a universal 6-unit telegraph 
code. That is a matter which will have to receive the 
attention of the telegraph administrations in the near 
future. 

Major Masters, in suggesting that the telephone-tele- 
graph combination would give some of the advantages 
which I have put forward for the teletype exchange 
scheme in a more simple manner, appears to me to 
have overlooked the economic consequences of Fig. 1 
and the saving in labour in telegraph offices by the 
teletype combined with teletype exchanges. That is 
impossible of achievement by the telephone-telegraph 
combination. 

' Mr. Thorrowgood raises the point about the difficulty 
of Tising the teletype, compared with the telephone. 
The same, argument applies to the typewriter. Business 


men do not use typewriters; they dictate their letters 
and telegrams now, and the only change will be that 
they will dictate more telegrams and fewer letters, and 
their typists will be as expert on the keyboards of the 
telet 3 rpes as they are now on the same keyboards of 
typewriters. 

Mr. Brown’s suggestion about combining the phono¬ 
graph with the telephone is unfortunately not prac¬ 
ticable, and it also disregards the economic consequences 
of Fig. 1. 

Mr. Stuart Jones pointed out that the first newspaper 
paragraph quoted by me does not apply to the British 
telegraph system. In reply I may point out that my 
paper deals with telegraphy throughout the world, and 
not only with the British and one or two other tele¬ 
graph services which are relatively good. I am sorry to 
say Mr. Stuart Jones is right in asserting that the British 
public (and, I may add, also the American) are not 
dissatisfied with the telegraph service. My point is 
that they ought to be, and my paper has been written 
to inspire the public with a little divine discontent on 
the subj ect. I want to galvanize the public into demand¬ 
ing something far better not only for themselves but 
also for the telegraph administrations. 

Mr. Stuart Jones makes a good point about the 
danger of putting all one’^s eggs into one basket; but 
the risk depends on the kind of basket. Underground 
circuits are wonderfully reliable and weatherproof. As 
I have pointed out in reply to another speaker, it is 
not business men but their typists who will do the 
telegraphing. 

Mr. Findley, like several other speakers, has con¬ 
centrated his attention too much on England. I wrote 
for the world and not only for Great Britain ; I took a 
cosmopolitan view. Several speakers expressed doubt 
about the farmer ever using the teletype. Mr. Johnson, 
for instance, said that English farmers are too cons^va- 
tive to use the teletype; but if he will refer again to 
pages 254 and 266, he will find that I expressly exempted 
the British fanner and mentioned farmers in other parts 
of the world, particularly in America, as probable very 
large users of the teletype. Again, a careful study of 
the economic consequences of Fig. 1 wiU show Mr. 
Findley the need for teletyping, in spite of our being 
able to teletalk with efficiency and economy. Distances 
are short in Great Britain, and there is no reason why 
Mr. Findley’s visions of a greatly improved telephone 
service in this country should not be realized; but 
the great new countries of the world, the United States, 
Canada, South Africa, Australia, Russia, Siberia and 
South America have very long distances, which make 
the economic consequences of Fig. 1 very important 
indeed. 

I welcome the support given to my forecast of tele¬ 
graph development by Mr. Herbert, whose paper was 
most suggestive. It made no mention, however, of the 
idea of getting every business man to do his own tele¬ 
graphing, just as he does his telephoning, direct* to his 
correspondents through teletype exchanges. That is 
the essence of my paper. Mr. Herbert stresses the fact 
that it is the cost of labour that makes telegrams costly. 
Obviously the remedy is to abolish the costly labourers— 
the middlemen workers—and transmit p,nd receive .tele- 
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yarns' direct., I note with interest that Mr. Herbert, 
like many other Post Office engineers, is a supporter 
of automatic switching for the proposed teletype 
exchanges. 

In conclusion, I should like to draw attention to a 
probable method of using the telet57pe efficiently through 
telet^e exchanges, namely, storing up messages and 
sending them through by teletype on one call. Business 
men already do this in the c^ase of long-distance telephone 
calls, when these are a daily occurrence. They note 
down beforehand points for discussion when the tele¬ 


phone call is put through, and it seems likely that tele¬ 
grams to be sent by the teletype through exchanges 
will be typed ready to be' sent through on one call, 
which may last for 10 or 12 minutes. In that time two 
expert typists would easily exchange 600 words between 
two offices 1 000 miles .apart, and on a line equipped 
with the duplex balance the number of words could be 
raised to 1 000. This method of working would greatly 
increase the efficiency of the teletype exchange by 
increasing the ratio of profitable working time compared 
with the time spent in getting connected. 


THE PREDETERMINATION OF THE PERFORMANCE OF INDUCTION 

MOTORS.* 
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^SUMMARY, 


The acctt^y with which' the' pejfonnance of inducti 
1».forecast m actual practice has not yet reach 
^t atoined injconnection with other types of machin 

recognized tolerances 

^araatew, especially'those on :power factor. The ins 
^raaes do not arise from ignorance of the conditions 
tte designer s. part but rather from lack of time to ta 
into account aU the factors. me to xa 

mtended to describe a quick yet accura 
of predeterminmg the performance of inducti, 

+r formulae is developed on t 

basis outhned by Steinmetz land is given +: 

b^^mu^®^ approximate formulas wWch have hithe^ 
^ nsed. on account of their simpUcity. Curv 
difference between Le resul 
^ven by tte two groups of formula, the ratios being express, 

possible to obtain^resul 
accuracy of the more involved systems 

^ ioxmjihe and ap/lying tl 

appropnate correction. ^ ® 

^ examples are given indicating the accurac 
obtamed by the use of the curves. «^arac 
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(4) Induction-motor performance curves. 
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(i>) Correction of power factor for iron loss. 

(c) Correction of overload capacity. 

(d) Correction for short-circuit current, 

(6) Tests and conclusions. .. 

(1) Introduction. 

It has often been pointed out that by naing the 
graphic method of "inversion,” or the exact mathe- 
i^ti^l method outlined by Steinmetz, the performance 
of mduction motors can be predetermined with greater 
accuracy than by using more common methods. The 
labour involved, however, in using either system has 
so far ^evented their adoption in the engineering and 

design departments of most firms. 

The circle diagram in its simplest form is based on a 
constant value of magnetizing current from si^dstiU 
to s^cbronism and also takes no account of the change 
m phase angle between the mutually induced E M F 
m the primary winding and the applied voltage. The 
c^cifiation. of the performance of a motor on a basis 
of t^ simple circle diagram can be easily and rapidly 
earned out and has already been reduced to the applica- 
tion of a number of well-known formulae. 

The method here suggested for predetermining the 
perfonn^ce of an induction motor is an endeavour 
to obtem the accuracy of the more; involved systems 
with the rapidity of application of the simplest. 
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(2) The Polyphase Induction Motor Equivalent 
Circuit. 

It is perhaps advisable to refer to the terms used and 
to show their relationship. Fig. 1 shows the equivalent 
circuit diagram of a polyphase induction motor. 

and combined correspond to the primary self- 
inductive impedance, relating to that flux which 
links the primary winding only and more commonly 
called primary lealcage flux, and x^ similarly cor¬ 
respond to the secondary self-inductive impedance, 
where x^ relates to that flpx which links the secondary 
winding only, generally termed secondary leakage flux. 

and x^ correspond to the mutual inductive impedance, 
or the impedance of the magnetizing circuit, is the 
wattful component required for iron losses, and ajjjj relates 
to the flux linking both windings, generally termed 
main flux. 

Tlie actual values of and x^ are expressed in terms 
of the primary winding, and in the case of X 2 also in 
terms of the supply frequency. The secondary reactance 
is a variable quantity depending on the frequency of 


the following example, which shows the method of 
deducing the primary current at any slip. 

If = primary current; = applied voltage ; 

L = secondary current; = :mutually induced 

. ^ * E.M.F. in the 
primary winding 


Then 




( 1 ) 


Jj, however, has two components, the secondary 
cuirent and the magnetizing current, and 


—^AAAA/-—qnrTTTir^ 

Ii ‘ 


iSX. 


1,—^Equivalent circuit diagram for a 
polyphase. induction motor. 

the secondary currents and thus the slip s. Then we 
have:— 

Primary self-inductive impedance == + joci == ^ 1 * 

Secondary self-inductive impedance — = ^2 

Mutual inductive impedance = *1" 


h - h 




rm + 


The E.M.F. generated in the secondary, due to the 
secondary conductors slipping back through the field, 
is sE, 


2- 


Then 


i2 = 


sEa 


and 


i -h jsx2 

j = ^^2 

r^+j8X2 


+ 








+ 


'2 + . ’■»» + 


J-^1 


( 2 ) 


Substituting this value of h in equation (1) we 
have 


= ?2[l+{ 


a(ri+M) I 

Ta + y®®2 "i" 






E, 


1_ ^ I »-o 4- .78*, Tm -h jXm J J 


»'2+i8*2 rm+jXm 
Substituting m Equation (2) we obtain 

8(r«i +i*M) + (*'2 +J8*2) 


+J8*2)(r„ +^*«) + (8ri +3^i)(rm + (»-i +j<«iWz +i«»2) 


= -®i 


(sr„ + r,) -hi(8*w + ax^) 


_^ 


For convenience of expression let 

+ ^2 == n 

^ -t- ajg =" 

H“ *?2 

(3) The Primary Current of an Induction Motor. 

Col. 1 of the table (p. 282) gives a number of formulae 
corresponding to the simple circle diagram already 
mentioned, while col. 2 shows the more accurate 
formulae which take full account of. the change in 
magnetizing current and change of phase angle between 
the mutually induced E.M.F. in the primary and the 
applied voltage with change of speed. The general 
method of, obtaining these expressions? is indicated in 

♦ Symbolic values arc denoted Zit etc., and virtual values Zz, etc. 


The denominator of this expression occurs repeatedly 
throughout all the various equations relating to the 
motor, and for convenience the individual items are 
[expressed by the following constants :— 


a == + ^* 1 ) ) 

p ^ + »i) J 


pii = "H ^1^2* 


+ »-2) +/(«% + «»2) 

= (a + ^) +J{p + t^) 

the^virtual value of which is 

r w + *• 2 )^ + (8*m + 8*^)^ 

h-El^\_ (o + ^38)2 + (p + JU8)2 j 

. The torque formula is obtained in a similar manner 
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and from this, by differentiation, the slip for maximum 
torque, and ^us the maximum torque is also deduced. 
By multiplying by (1 — e) an expression for power 
output is obtoed from the torque formula, and, again 
by differentiating, the slip for maximum power is 
obtained and thus the maximum power. 

(4) Induction-Motor. Performance Curves. 

The extent of liie difference between the results given 
by the two groups of formulae depends on the ratio of 


working out the power factors from the primary current 
formula in column 5 of the table for the various sets of 
conditions, a complete group of curves can be produced 
which will enable the power factor of a motor to be 
determined at any load. These curves would take into 
consideration all the conditions governing the motor 
power factor, such as change in magnetizing current 
due to primary impedance drop, and change ,of phase 
angle of the primary back E.M.F. 

In order to produce the curves mentioned above, 



^e mutu^ inductive impedance to the total sel 
inductive impedance. For example, in the case of 
motor with a comparatively small magnetizing currei 
^e results obtained wiU be almost the same from boi 
formulae. For machines with a large amount < 
magn^ing current, however, the results obtaine 
i^y differ widely. If curves axe plotted on the bas: 
of the ratio of the mutual to the total self-inducti-v 
m^dance, it is possible to obtain a series of correctio 
factors for the approximate formulas which will enab] 
the correct figures to be obtained. Furthermore, b 


certain assumptions must be made. First, the primary 
and secondary impedances at the line frequency are 
assumed to be equal. . This is usually not far wrong, 
and the errors likely to occiu: from the assumption will 
be small.. Secondly, tlie power factor in the mag¬ 
netizing circuit must be fixed. An analysis has been 
m^e of a number of tests on machines varying from 
i h,p. to 200 h.p. and the limits of power factor variation 
in the magnetizing circuit appear to be from 0*06 to 
0*10. This power factor is really an indication of the 
proportion of iron loss in the machine, and its effect 
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on the overload capacity and short-circuit current of 
the motor will be negligible. The effect on the total 
power factor is shown in Figs. 2 and 3 for two values 
of T in each case, where t = 

The majority of the tests analysed were nearer the 
power factor of 0*05 than 0-10, and as this figure 


“ pull out “ point and for values of r from 0*02 to 0*40. 
Similarly the maximum powers have been worked out, 
using the two formulae given in cols. 1 and 2 of the 
table, and the relationship is plotted in Fig. 0. The 
maximum power calculated from formula (1) has been 
called the “ apparent ** maximum, and that obtained 



Fig. 6.—Curves showing actual and apparent maximum horse-power. 


causes the estimated results to be slightly on the low 
side It has been used in compUing the remaining curves. 

’ A third assumption which must be made is the power 
factor of the self-inductive circuits at the supply 
frecjuency. This usually lies between 0*25 and 0*50. 
If, then, two sets of curves are available for power 


by formula (2) the “ actual maximum. In the case 
of these curves and with the higher values of r it wp 
be observed that quite an appreciable reduction in 
estimated overload capacity occurs. To take an 
extreme case, a motor might have an apparent over¬ 
load capacity of 1*76 times full load momentarily. 
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Fig. 7.—Curves showing actual and apparent short-circuit current. 


factors of 0*25 and 0*5 respectively, by using both 
curves and making allowance for the difference according 
to the exact figure for the self-inductive power factor, 
comparatively accurate results can be obtained. 

On the basis of the above assumptions two sets of 
curves have been drawn in Figs. 4 and 6, giving induction- 
motor power factors at ah loads from no load to th^ 


whereas the actual figure could be as low as 1-35 to 
1**40 times full load. Fig. 7 has been drawn with the 
object of indicating the effect of the magnetizing- 
current component of the short-circuit current. It is 
generally stated that the short-circuit current is given 
by dividing the impressed voltage by the total self- 
inductive impedance, or, alternatively, that i,the total 
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sell-inductive impedance is given by dividing the 
impressed voltage by the short-circuit current. This 
statement has generally been qualified by assuming a 
normal relationship between and and it has 
been pointed out that some of the current measured 
on short-circuit is actually magnetizing current. In 
Fig. 7 the current obtained by dividing the impressed 
voltage by has been termed apparent*^ short- 
circuit current, while that obtained by working out the 
formula in col. 2 of the table for a = 1*0 has been 
termed ** actual'' short-circuit current. The results 
indicate that this point is of no very great consequence, 
as the actual numerical values in the worst case are 
only about 8 per cent in error. The variations in 
self-inductive impedance due to differences in manu¬ 
facture are often of this order or greater. 

The method of applying the curves in actual practice 
is as follows. After the completion of the customary 
preliminary designs and when the actual windings have 
been fixed, the magnetizing current and leakage flux 
are estimated in the usual way. The iron loss is then 
determined and the values of and are found. It 
should be noted that when the power factor is as low 
as 0*06 to 0*10 the numerical difference between the 
reactance and impedance is so small that the ohmic 
values of % and are given by:— 

P E 

where E = the voltage considered in estimating P 
and 2^, 

2^, = the estimated magnetizing current, and 
*P.= the estimated iron loss, in watts. 

The resistances of the primary and secondary windings 
are next calculated and that of the secondary refmred 
to the primary. From the leakage flux the total motor 
reactance is determined, and finally the total self- 
inductive impedance Z^ and the value of r. The 
apparent maximum horse-power is calculated in line 
with col. 1 in the table and then from Fig. 6 the appro¬ 
priate correction factor is determined. Using the 
actual maximum horse-power and knowing the value 
of T, the motor power factor at any load can be found 
from Figs. 4 and 6. The remainder of the performance 
data, i.e. slip, losses and efficiency, are determined in 
the usual way. 

(6) Tests and Conclusions. 

The two following examples indicate the results, 
obtained by the application of the curves. The results 
given under method 1 are obtained by using the 
approximate formulae given m col. 1 of the table, and 
those under method 2 show the effect of applying the 
correction factors. 


(1) 3J- three-phase, ^(S-period, 400-ve/^, 715-r.^.m. 
slip-ring motor for crane service. Half-hour rating. 

= 2 + = 38 
4‘6-f-9*0i; 10*1 

r^^^ = 0-46; t = 0-266 
Volts per phase = 231. 



ACethod 1 

Method 2 

Test 

Maximum 

• 



horse-power 

Full-load 

2 • 08 X full load 

l-76xfuUload 

— 

power factor 
f load power 

0-66 

0*63 

0-66 

factor 

load power 

0-46 

0-64 

0-66 

factor 

0-36 

0-42 

0-43 


(2) 60 h,p,, three-phase, ^Q-period, HQ-volt, Z22-r,pM. 
slip-ring motor. Standard 6-hour rating. 


“h — 1 • 14 -f- 15*6^; Z^ = 16-6 
n 0-60 -f- 2-66y; Zt = 2-6 

= 0-19; t=: 0-166 

Volts per phase = 416. 



Method 1 

Method 2 

Test 

Maximum 




horse-power 

Full-load 

l*86xfuIlload 

l-66xfnUIoad 


power factor 
f load power 

0-74 

0-76 

0-77 

factor 

0-69 

0-71 

0*73 

i load power 



factor 

0-68 

0-60 « 

0-62 


In using the curves the assumptions upon which 
they are based should be kept in view as, although 
accurate results are obtained over a wide range, occa¬ 
sional cases will occur in which, for example, the 
primary impedance differs considerably from the 
equivalent secondary impedance, or the iron loss is 
^cessive. The friction, windage and tooth-frequency 
iron losses all require an output torque from the 
secondary and should consequently be added to the 
load to obtain the total secondary output, fn highly 
saturated machiues the power factor will be slightly 
higher than that given by the curves, as a small increase 
m the primary drop will result in considerable reduction 
in magnetizing current. 
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A NEW TYPE OF SOUIRREL-CAGE INDUCTION MOTOR WITH HIGH 

STARTING TORQUE. 


By T. F. Wall, D.Sc., D.Eng., Associate Member. 


(Paper first received VSth July, and in 


final form 26th''Nov ember, 1924; read before 
nth December, 1924.) 


the Sheffield Sub-Centre 


Summary. 

This paper contains an account of tests made on a new 
type of squirrel-cage induction motor with. high, starting 
torque. £ach conductor of the rotor winding is a compound 
bar of which the characteristic property is that the resistance 
increases with the frequency of the alternating current 
flowing in it. 

The compound bars are each built up as follows: There 
is a central core of copper, which is surrounded by a sleeve 
of steel. Outside the steel sleeve is a skin of copper, the 
outer copper skin and the central copper core being brought 
into good electrical contact at each end. \Vhen alternating 
current flows through the compound conductor the portion 
passing through the central copper core produces in the 
steel sleeve a magnetic flux which induces a back E.M.P. 
tending to choke the current out of the core. The result is 
that the current will flow chiefly through the high-resistance 
copper skin outside the steel sleeve. The greater the 
frequenV of the alternating current the greater will be the 
back E.M.F., and the effective resistance of the compound bar 
will be correspondingly increased. 

If a squirrel-cage rotor winding is formed from these 
compound conductors, then, at starting, since currents of 
the full supply frequency will flow in the bars, the effective 
resistance and the starting torque will be high. When 
running normally, the currents in the rotor bars will be at 
the very low frequency of slip and hence the resistance will 
be correspondingly low; in fact, it will be practically the 
same as the resistance as measured by direct current. 

The paper contains the results of tests made on a squirrel- 
cage rptor built with compound conductors in accordance 
with the author's proposals, and also the test-results on a 
standard rotor, the same stator being used in each case. 


Table of Contents. 

Introductory. 

The theory of the author's proposals for using 
composite rotor bars. 

Test data showing the characteristics of the composite 
conductors, giving (i) the effect of the thickness of the 
outer copper skin, and (ii) the effect of the thickness 
of the steel sheath. 

Test-results of a 57 b.h.p. squirrel-cage induction 
motor constructed with composite rotor bars in accor¬ 
dance with the author's proposals. 

Appendix, 

Introductory. 

The squirrel-cage induction niotor is probably the 
simplest, most robust, and cheapest machine yet 
invented for transforming energy. The great defect, 
however, under which this t 3 q)e of machine suffers and 
which is seriously retarding its full exploitation, is the 
fact that if it is started by being switched directly on 
to the supply mains there will be a h,eavy initial tush 


of current in the line. Since this starting current h^ 
a low power factor the voltage reflation of ^e supply 
mning niight be seriously affected if no limitations as 
to the size and number of such .squirrel-cage motors 

were to be enforced. . 

The dectric supply undertakings in this country and 
on the Continent are not favourably disposed to ttie 
installation of squirrel-cage induction motors in any 
but the smallest sizes unless means are provided for 
limiting the rush of current in the line at starting. 

The standard methods used in practice for complymg 
with this requirement result in a very poor startng 
torque, so that the motor cannot start under fuU load. 
It therefore becomes necessary either to provide a fast- 
and-loose pulley arrangement, or to fit some form of 
centrifugal clutch so that the load is not applied 
the motor reaches full speed or nearly full speed. Sucm 
accessories, however, cannot but deprive the squirrel- 
cage motor of its most striking inherent charactenstacs 
of cheapness, simplicity and robu.stness, and consequ^tly 
this type of motor has not taken the place to which 
it is naturally entitled in the industrial applications of 


the electrical drive. 

In this paper the author desenb^ a new method of 
providing a squirrel-cage motor with a high startmg 
torque without necessitating a prohibitivdy 
starting current in the line. It is hop^ that thwe 
proposals may point the way to the defimte solutaon 
xi.:. i.xnn'.eXon/ii'nor and troublesome practical problem. 


Theory. 

It is generally recognized that the proper solutiw of 
the problem of high starting torque and low starfmg 
current is the use of a high resistance m the rotor 
circuit at starting. An inspection of .the 
the torque of an induction motor shows that the 
starting torque is, within limits, almost dkectly pro¬ 
portional to the rotor resistance, and it is also obvious 
that the starting current will be reduced as the rotor 

resistance is increased. . 

When a wound rotor provided with slip-rmgs is usM, 
it is a simple matter to introduce resistances in smes 
with the rotor winding at starting and^to cut th^ 
out as the motor runs up to speed, so that evmitu^y 
—when the motor has attained full spe^—all me 
starting resistances have been cut out and the ^or 
winding has been short-circuited. The superior 
characteristics of wound rotors give them atoort to 
monopoly of use in this country and on toe Contment 
for all motors except those of toe smallest sizes. 

♦ Journal IM,E,, 1928, vol, 61, p. 129. 
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For many years, attempts have been made to produce 
a squirrel-cage rotor which shall have a high effective 
resistance at starting and a low effective resistance 
when running, so that the good starting characteristics 
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Fig. 1.—Current density in composite rod. 


effect in the iron conductors would cause them to have 
a high effective resistance at starting. ^Vhen, however, 
the motor is running at full speed, the frequency of the 
currents in the rotor bars will be the frequency of the 
rotor slip, and will therefore be so small that the skin 
effect becomes very slight, so that the resistance of the 
rotor winding is not much different from the value 
which would be obtained if measured for direct current. 
In accordance with this proposal, therefore, tlie rotor 
resistance would be automatically altered in accordance 
with the requirements and the rotor construction would 
lose none of its robustness, simplicity or cheapness. 



are not obtained at the expense of poor efficiency when 
running. References to the literature of the subject 
Will show what a great variety of proposals have been 
made for this purpose but, so far as the author is awaxe, 
none of them has yet established itself in practice. 



Fig. 2. 

Note ; The zero lines of the two waves are not coincident. 


For several reasons this proposal has not met the 
practical requirements and, so far as the author is 
aware, has not been used on a commercial scale. 

In 1916 Flihu Thomson proposed to make use of the 
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Fig. 5.—Current density in composite rod. 


In the present paper, attention is concentrated on a 
method recently developed by the author which is 
considered to have advantages not possessed by any 
previous proposal. A number of test data have been 
obtdned, which it is hoped may form tlie basis of the 
design of squirrel-cage rotors for any required practical 
conditions. The data given later in the paper have 
been obtained from an actual experimental motor of 
67 b.h.p. built in accordance with the author^s proposals 
by Messrs. J. H. Holmes and Co. and tested by th em at 
their works in Newcastle-on-Tyne. 

Before proceeding to the consideration of the rotor 
construction as proposed by the author, a short review 
of previous cognate work will be given. 



In ^e year 1900 H. M. Hobart proposed to make 
pse of the skin effect in iron for improving the 
Starting characteristics of squirrel-cage rotors, and for 
^is-purpose,he proposed the use of iron rotor bars 
The Idea was ^ that at starting, the frequency of the 
rotor currents being the full supply frequency, the skin 


skin effect by means of special compound bars for the 
rotor winding. The bars were to be constructed of a 
central copper core surrounded by a steel sheath. At 
starting, the high-frequency currents, by reason of the 
back E.M.h. induced in the central copper core and 



Fig. 6.—Current density in composite rod. 


due to the magnetic field in thq surrounding steel 
sheath, would be forced into the steel sheath so that 
very little current would flow in the central copper 
core.^ In this way the composite bar would be caused 
to have a high effective resistance when the motor 
was starting. When the frequency of the rotor currents 
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was reduced to the frequency corresponding to the 
rotor slip, the back E.M.F. induced in the central 
copper core would be correspondingly reduced so that 
practically all the current would flow in the central 
copper core, thus giving a low resistance when the 
motor is running. 

Although this was a great advance on Hobart’s 
original proposal, it has not met the practical require¬ 
ments and the author believes that it has not been 
used to any extent. The reasons for this will be more 
apparent after a consideration of the test data given 
below, which have been obtained from an actual com¬ 
posite conductor constructed in accordance with the 
principle just stated. 

The essential features of the method proposed by 
the author were described in a preliminary paper read 
before Section G of the British Association at Liverpool 
in 1923. Briefly stated, each rotor conductor is in 
effect a simple form of auto-transformer. It is well 
known, from the theory of transformers, that when the 
secondary winding is short-circuited the effective 
resistance of the primary winding is given by the 
expression 

where JBi « resistance of the primary winding, in ohms, 
jBg — resistance of the secondary winding, in 
ohms, 

== inductance of the secondary winding, in. 
henrys, and 

0 ) = 27r X supply frequency. 


high in accordance with tlie expression given above: 
When the rotor is running normally, the currents in 
the rotor bars will be of veiy low frequency corresponding 
to the rotor slip ; consequently, the effective resistance 
of the composite bars will be correspondingly reduced 
and will, in fact, be practically the same as that found 
by direct-current measurement. 

The relative thicluiesses of the central copper core, 
the steel sheath, and the outer copper skin, are of great 
importance in determining a satisfactory performance 
and, in order to obtain a basis for the design and the 
predetermination of performance, a large number of 
tests have been carried out on composite rods of various 
proportions. A selection of these test-results are given 
below. 

TESTS A. 

Determination of the Infi.xjence of the Thickness 
OF THE Outer Copper Skin on the Charac¬ 
teristics of THE Composite Rod. 

For these tests the central copper core and the steel 
sheath were kept the same throughout and measure¬ 
ments were made of the characteristics for several 
different thicknesses of the outer copper skin. The 
dimensions of the central copper core and the steel 
sheath were as follows : 

Diameter of central copper rod .. .. 5*9 mm 

Cross-sectional area of central copper core 27 • 3 mm^ 

Radial thickness of st5el tube .. .. 2*96 mm 

Cross-sectional area of steel tube .. .. 84*0 mm® 

Length of steel tube .. .. ..20*3 cm 


This expression for the effective resistance of the 
primary winding shows that the resistance increases as 
the supply frequency increases. 

Further, the effective inductance of the primary 
winding when the secondary is short-circuited is given 
by the expression 

where inductance of the primary winding. 

This expression shows that the effective inductance 
of the primary winding when the secondary is short- 
circuited decreases as the supply frequency increases. 

Actually, each rotor bar is constructed as follows: 
A central copper core is surrounded by a steel sheath 
of suitable thickness which may or may not be in 
electrical contact with the copper core. The steel 
sheath is then covered with a copper skin of suitable 
sectional ^ea and this outer copper skin is brought 
into good electrical contact at each end with the central 
copper core. A diagrammatic sketch of the composite 
rod is shown in Figs. 1 and 6. As already stated, such 
a composite conductor is, in effect, a simple form of 
auto-transformer with short-circuited secondary winding. 
The central copper core forms the primary winding, the 
steel sheath is the magnetic core, and the outer copper 
skin is the secondary winding. 

If a squirrel-cage rotor is constructed with such 
composite bars, then, at starting, the frequency of the 
currents, induced in the bars being of the full supply 
frequency^ the effective-resistance will be relatively 


The steel tube was brought into good electrical 
contact with the central copper core at each end by 
soldering, so that the steel tube was effective in carrying 
a portion of the current, particularly at the very low 
frequencies. 

The specific resistance of the steel used was 11 times 
that of copper, so that the equivalent area of the steel 
tube when referred to the conductivity of copper was 
7»6 mm®.’ 

The total effective area of the central copper rod 
and the steel tube was therefore 34- 9 mm®. 

(i) Area of the outer copper skin ==10-3 mw®.—The 
total effective area of the composite rod in this case 
was consequently 45*2 mm®, so that the ratio 

Area of outer copper skin _0-228 

Total effective area of composite rod 

Tests were made of the effective resistance and the 
power factor of the composite rod when supplied with 
current of 60 frequency. The resistance measurements 
were made by means of a vacuum thermo-junction and 
galvanometer which was used to determine the potential 
difference across the rod when tlie alternating current 
was flowing, the thermo-junction and galvanometer 
being afterwards calibrated by direct current. The 
values of the power factor were ascertained from the 
oscillograms of the P.D. and current waves. 

In Fig. 1 is shown the relationship between' the 
^ ratio (A.C. resistance at 60 frequency)/(D,C. resistance) 
and the effective current density in the composite rod. 
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the effective current density being obtained by dividing 
the current by the equivalent area of 45 *2 mm® as 
calculated in the foregoing. 

These tests were made with values of the effective 
current density up to 27 amperes per mm®, which 


Current 



Fig. 7. 

Noie : The zero lines of the two waves are not coinddent. 

fully covers the range concerned in the starting con 
ditions of squirrel-cage motors. Usually the normal 
full-load current density in practice is about 6 to 7 
amperes per mm^. During the starting period, however, 
the current density will be many times greater than the 

Carrent 



Fig. 8. 

Note : The zero lines of the two waves are not coincident. 

normal full-load value, and hence it is necessary that 
the tests should be made over a efficiently wide range 
to cover the maximum current density likely to be 
obtained. 

Reference to Fig. 1 shows that the effective resistance 

CiiTrent 



Fig. 9. 

Note ; The zero lines of the two waves are not coincident. 

SStlvSf^?® frequency 

^h% -OTth the current density, the average value of 

effective resistance being about 3 times the resis¬ 
tance as measured with direct current. 

; In Figs. 2, 3 and 4 are given the oscillograms of the 



5 10 15 20 ZT ^ 

Amperes per mm* 

Fig. 10.—Current density in composite rod. 

22^1 densities of 17-6, 

22 1 and 26-6 amperes per mm® respectively. From 

® ^ been deduced, 
Sd a function of the current 

^ fr about 0>987: 

[n) A^ea of the outer copper skin ==10-9 »„«’2_XIub 


total effective area of the composite rod in this case 
•was therefore 56-8 mm®, so that the ratio (Area of 
outer copper skin)/(Total effective area of composite rod) 
is 0-376. 
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Fig. 11.— Current density in composite rod. 

, to Fig. 6 is shown the relationship between the 
ratio (A.C. resistance at 60 freqnency)/(D.C. resistance) 
and the effective current density in the composite rod. 


•CnTreB.t 



—-►Time 

Fig. 12. 

Note : The aao Enes ol the two waves are not coincident. 

It will be seen tiiat in this case the effective resistance 
increases slightly with the current density, the average 
value of the effective resistance for -the range tested 

Current 



Time 

Fig. 13. 

Note : The zero lines of the two waves arc not coincident. 

being about 2-6 times the resistance as measured with 
direct current. 

to Figs. 7, 8 and 9 are given the oscillograms show- 

CarrenL 



-Time 

Fig. 14. 

Note: The zero lines of the. two waves are not coincident. 

ing' the P.D. and current waves for current densities 
of 13-9, 19-0 and 22-9 amperes per mm® respectively. 
From these oscillograms' the curve of Fig. lO has been. 
d^uceA^ showing ;.the poWer factor of th? p^Riposite 
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rod as a function of the current density, and it will be 
seen that the power factor for current densities up' to 
about 16 amperes per mm^ is very close to unity. 

(iii) No outer shin used .—^The composite rod comprising 
merely a central copper rod and a steel sheath corresponds 
to the proposal made by Elihu Thomson, to which 
reference has been made in the foregoing. 

In order to* ascertain for comparative purposes what 
the characteristics of this type of composite conductor 
are, tests were made with the composite rod detailed 
in the foregoing but with the outer copper skin removed. 


0 5 10 15 ZO ^5 30 35; 

Amperes per mm^ 

Fig. 16.— Current density in composite rod. 

In Fig. 11 is shown the relationship between the ratio 
(A.C. resistance at 50 frequency)/(D.C. resistance) and 
the effective current density in the composite rod. 
It will be seen from Fig, 11 that the resistance decreases 
to a very marked degree with an increase of current 
density. That is to say, the rod has to some extent 
a negative resistance characteristic, which may result 
in an unstable condition so that the current may increase 
to an nnduly large, value. 

In Figs. 12, 13 and 14 are shown the oscillograms 
for the P.D. and current waves for current densities of 
17 •XB, 22*6 and 30 amperes per mm^. From these 
oscillograms the curve of Fig. 16 has been deduced 


• 1 
JR * 
^ 0-8 



case of the motor for which the specihcation is given 
later in this paper. These curves show the relationship 
between the starting torque and the ratio (Effective 
rotor resistance at starting)/(Normal rotor resistance 
when running). Curve I refers to the case in which 
the increased rotor resistance at starting is obtained 
by means of conductors which have unity power factor, 
and Curve II refers to -the case in which the increased 
rotor resistance at starting is obtained by means of 
conductors having a power factor of 0‘86. It will be 
seen that for a given effective rotor resistance at starting 
the starting torque when the power factor is 0*86 is 
not much more than one-half the torque when the power 
factor of the resistance is unity. This shows in a very 
striking way the importance of obtaining the increase 
of the starting resistance at as high a power factor as 
possible. 

. The composite conductors with an outer copper skin ’ 
have a further advantage over composite conductors 
without an outer copper skin, in that the power factor 
of the former when tlie rotor is running at normal speed 
will be considerabty greater than the power factor of 
the conductors which have merely a steel sheath. The 
reason for this is that a large proportion of the current 
can flow through the outer copper skin when such is 
provided and, of course, in so far as the outer copper 
skin is concerned, the steel sheath has no effect on its 
inductance. 

A further important deduction which can be made 
from Curve I of Fig.. 16 is that “the maximum starting 
tortiue obtainable by increasing the rotor resistance is 
reached when the increased rotor resistance is only 
about tliree times the normal running resistance. 



showing the relationship between the power factor of 
the composite rod and the= current density, and it will 
be seen that the average value of the power factor in 
this case is about 0*865. This is a very low value and 
appears to.the author to be one of the chief reasons 
why the use of such composite conductors (that is, 
without any outer copper skin) has not been found 
satisfactory. 

In .order to show the great significance of the power 
factor on the starting characteristics of the motor, tlie 
curves given in Fig. 16 have been calculated, for the 


TESTS B. 


Determination of the Influence of the Thickness 
OF THE Steel- Sheath on the Characteristics 
OF THE Composite Rop. 


In order to ascertain the effect of the influence of 
the thickness of the steel sheath on the cliaracteristics 



. Fig. 17. — Current density in composite rod. 


of the composite rod, tests were made with three rods, 
each having a different tliickneSs of steel shea^th. The 
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data of these rods and the results obtained from the 
tests are as follows :— 


Composite Rod ** A.” 

Thickness of steel sheath ... .. 

Diameter of central copper rod 
Area of central copper rod .. 

Radial thickness of steel sheath .. 

Length of steel sheath 
Effective cross-sectional area of steel sheatb 
reduced to conductivity of copper 
Area of outer copper skin .. 

Total effective area of composite rod 

_ Area of outer copp er skin 

Total effective area of composite rod ” 


2 mm 
6 • 1 mm 
29‘4mm2 
2 mm 
20*2 cm 

4-75 mm2 
6-30 mm2 
40*45 mm2 

0*166. 


In Fig. 17 the results of the resistance tests on this 
rod are plotted as the lowest of the three curves there 



given. This curve shows the relationship between the 
current density in the rod and the ratio (A.C. resistance 
at 60 £requency)/(D.C. resistance). 


Composite Rod BJ* Thickness of steel sheath 2 • 68 mm. 


Diameter of central copper rod 
Area of central copper rod .. 

Radial thickness of steel sheath ,, 
Length of steel sheath 
Effective cross-sectional area of steel sheath 
reduced to conductivity of copper 

Area of outer copper skin. 

Total effective area of composite rod 


6*3 mm 
3l*5mm2 
2 • 68 mm 
20 * 2 cm 

6*63 mm2 
6*08 mm2 
43*21 mm2 


Area of outer cop per skin 
Total effective area of composite rod “ 

. In Fig. 17 the results of the resistance tests on. thisi 
rod given in the, middle curve. 


Composite Rod " C.'' Thickness of steel sheath 2*96 mm. 


Diameter of central copper rod 

Area of central copper rod. 

Radial thickness of steel sheath .. 

Length of steel sheath 
Effective cross-sectional area of steel sheath 
reduced to conductivity of copper 
Area of outer copper skin .. .. 

Total effective area of composite rod . 


6*9 mm 
27*3 mm2. 
2*95 mm 
20*2 cm 


7*63 mm2 
6; 7 mm2 
40*63 mm? 


Area of oute r copper skin 
Total effective area of composite rod 


0*14. 


In Fig. 17 the results of the resistance tests on this 
rod are given in the highest of the three curves. 

From the results given in the three curves of 
Fig. 17 the relationship between the thickness of the 
steel sheath and the ratio (A.C. resistance at 50 fre- 
quency)/(D.C. resistance) has been deduced and plotted 
in Fig. 18. This relationship has been deduced for the 
following values of the current density, viz. 15, 20, 26 
and 30 amperes per mm2 respectively. It is interesting 
to note in Fig. 18 that the a.c. resistance ol the com¬ 
posite rod increases proportionally to the thickness of 
the steel sheath. 


Test-Results obtained from a Squirrel-Cage 
Rotor built with Composite Conductors . in 
Accordance with the Author’s Proposals. 

In order to obtain some practical test data as to the 
extent to which the. results detailed in the foregoing 
could be usefully applied in the actual construction of 
a squirrel-cage rotor with high starting torque, Messrs. 



Fig. 19.— Starting-torque curves. 


J. H. Holmes and Co., Ltd., in collaboration Vith the 
author, built a sample squirrel-cage rotor and tested it 
in a standard stator. The test data so obtained are 
given in the form of a series’of curves (see Figs. 19 to 26). 

A standard squirrel-cage rotor was then tested under 
the same conditions and with the same stator, the test 
data so obtained being also shown in Figs. 19 to 26. 
Each test-point obtained with the author’s new high- 
torque rotor is shown in Figs. 19 to 26 by means of 
concentric circles, whereas each test-point obtained 
with the standard rotor is .shown by a single circle. 

Standard woiJor.—The specification of the standard 
motor used for the. tests is as follows: 67 b.h.p.. 








WITH HIGH STARTING TORQUE. 


293 


440 volts, 40 frequency, 6 poles, synchronous speed 
800 r.p.m. 

Stator:—72 semi-enclosed slots, 4 slots per pole per 
phase. Each slot contains 5 conductors 
of 0 * 29 in. X 0 • 18 in. compressed stranded 
copper arranged for star connection. The 
winding is the two-range or concentric 
type. 

Rotor :—75 conductors, each 0*50 in. x 0 -18 in. 

Length of rotor bars, each 15 • 4 in. 

Full-load current per bar, 360 amperes. 

Short-circuit current per bar, 2 800 amperes. 

Rotor core diameter, 13*44 in. 

Rotor core length, 11 • 4 in. 

Section of each end-ring, 0*30 square inch. 



Amperes 

Fig, 20,— Short-circuit tests. 



Brahe horse-power 


Fig, 21.-— Efficiency cui'ves. 

New high-torque rotor with composite conductors .— 
60 circular semi-enclosed slots. 

Each conductor is built up as follows (see Fig. 26) : 

Diameter of central copper rod .. . . 0* 236 in. 

Internal diameter of steel sheath . . 0 • 251 in. 

Exteriml diameter of steel sheath . . 0 • 485 in. 

Thickness of outer copper skin . . 0*010 in. 

The length of the steel sheath and the outer copper 
skin is 12 inches. The central copper rod was brought 
into good electrical contact with the steel sheath and 
the outer copper skin at each end. Each end-ring is 
of 0*90 square inch sectional area. 

It will be observed that the diameter of the central 
copper rod is appreciably less than the internal diameter 
of the steel sheath. This was due to irregularities in 
the bore of the steel tube, which made it impossible to 
insert a copper rod of diameter larger than 0-236 inch. 
If the bore of the steel tube could be obtained dead 
VoL 63. 


true, it would be possible to avoid the waste space 
inside the steel tube (see Fig. 26) and thus obtain a 
composite rod of lower resistance. In this way the 
efficiency of the motor would be improved without 
impairing the starting conditions. 

It was not considered desirable to punch more than 
60 slots in the rotor for the composite bars, since this 



Fig. 22.—Power factor curves. 



Brake horse-power 
Fig. 23.—Percentage-slip curves. 



Fig. 24.— Core and friction losses. 


would render the minimum section of the teeth too 
small for mechanical strength. 

The relative performances of the new type of rotor 
and the standard rotor are clearly shown in Figs. 19 
to 25. 

The striking improvement in the starting condi¬ 
tions when the author's new high-torque rotor is used 
may be deduced from the curves of Figs. 19 and 20. 
For instance, to obtain the full-load torque at start¬ 
ing, with the author's new type of rotor, a current of 

20 
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230 amperes is necessary (F%, 19). and the applied 
voltage at the stator terminals will be 320 volts (Fig. 20). 

If an auto-transformer is used for starting, the line 
current will be 


320 
440 ^ 


167 amperes. 


Since the normal full-load current is 68 amperes, the 
lull-load starting torque is obtained with a line current 
of only 2*46 times the fuU-load current. 

If a similar calculation is carried out for the standard 



20 

Amperes 
Fig. 26.— ^Magnetization curves. 

rotor it will be seen that, in order to obtain full-load 
starting torque, the line current must be 3*37 times the 
full-load current. 

As regards the efficiency, reference to Fig. 21 shows 
that the efficiency of the new type of rotor is slightly 
lower than that of the standard rotor. This is largely 

Rotor tooth 3‘5mm at 
narrowest section 


Ccrpper rod: e'Ommdia, 



V Oute copper shedtli;o-oiin.fliick 
Sted. slikth:l2*3mmou.tsidi! dU. 
ofl eu . , 6-4nmi inside dia. 

26.—Showing the composite conductors in the new 
high-torque rotor. 

No, of rotor slots *» 60 
Rotor diameter m 34*2 cm. 

Air-gap « 076 mm. 

due to the fact that the central copper rods of the 
compofflte conductors do not quite fiU up all the space 
m^e the steel sheaths, as was pointed out in the earlier 
part of the paper. This can be obviated in future and 
e effid^cy at full load thus brought practically 
equal to that of the standard rotor. 

APPENDIX. 

Reduction of a Squirrel-Cage Winding to an 
Eq^alent Winding having the Same Number 
OF Phases and the Same Number of Turns per 
Phase as the Stator Winding. 

® polyphase winding of 

S®ro^^ k; a the total number 

f rotor Uars and p the number of pairs of poles. 


A squirrel-cage winding contains only one bar per 
phase, so that the number of turns per phase is 

Let Tr « resistance of the segment of one end-ring 
be^een two rotor b^ (that is, the 
resist^ce of the segment A B in Fig. 27). 
Xf = reactance of the segment of one end-ring 
between two rotor bars for a frequency 
equal to the stator supply frequency. 
rif = resistance of one rotor bar. 

reactance of one rotor bar for a frequency 
equal to the stator supply frequency. 

Then the effective resistance of one rotor bar pins tlie 
two end-ring segments is 

[2 sin (w/OTg)]® 

The reactance of one rotor bar plus the two end-ring 
segments is ^ 

2aIw 

*^l2sin(w/W2)]2 

The actual squirrel-cage winding containing w- 
phases and turns per phase is equivalent to a winding 



Fig. 27. 

having phases and «>i turns per phase and of which 
the resistance per phase is 


r 2 < 




where = wmding factor of riie phase winding. 

/g = winding factor of the phase winding. 

Since the squirrel-cage wmding comprises only one 
per phase, the winding factor for such a winding is 
always equal to unity. As already stated, w, = i. 

Simi^ly the reactance of the m, phase winding 
which IS equivalent to the actual squirrel-cage winding is 

4mi(wi/,)S 

f >*2 


»» 2 («’ 2 / 2 )' 
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Discussion before the Sheffield Sub-Centre, at Sheffield, 17 December, 1924. 


Mr. D. B. Hoseason; The author points out 
advantages of the squirrel-cage motor as compared vdth 
all other types of machines, and his proposal is intends 
to overcome the great objection to these machmes m 
the matter of starting performance. It is well know 
that the standard squirrel-cage induction motor tak^ 
a high starting kVA per unit of starting torque develop^, 
and although the autlror has termed his machine a 
squirrel-cage induction motor with high starting torque 
it would have been more effective to have called it a 
“ squirrel-cage induction motor takmg a low startmg 
current.” In my opinion there is a demand for a 
squirrel-cage induction motor which will permit the 
starting gear to be simplified. Only a few apphcations 
can be started by means of star-delta starting alone 
arid it is usually necessary to employ either an auto- 
transformer starter or a star-delta starter with a centn- 
fugal clutch. The star-delta starter and clutch is 
more expensive than the auto-transformer starts and 
it is generally the auto-transformer starter which is 
installed. This operates on about its 76 per cept 
tapping, and may cost as much as 33 per cent of toe 
total cost of the installation; it has m all probabihty 
only half toe life of the motor and, in addition, it is 
often a constant source of trouble to the maintenance 
enginelr. It is worth’ while to examine the various 
metoods which have been put forward in the past to 
improve toe starting characteristics of squirrel-cage 
motors without appreciably affecting their nor^ 
ruxudug performance. Two of tliese mentioned by tlie 
aiithor are the iron conductor and the copper-core 
steel-sheath conductor proposed by Elihu Thomson. 
There have also been a number of other patents gene¬ 
rally on toe lines of these two. In almost every iiKtance 
the rriflin priridlple of operation has been toe equivalent 
of a hij^i-resis’tance, low-reactance <tocuit in parallel 
with a high-reactance, low-resistance circuit in the rotor 
of the machine. At standstill with full line frequency 
Vvfting generated in toe rotor toe high-reactance, low- 
resistance circuit •will pass very little current and give 
negligible torque, while toe high-resistance, low- 
reactance circuit ■will pass appreciable current and give 
fairly Tiigk torque such as would be supplied by a 
slip-ring motor with a resistance inserted in toe rotor 
circuit. At full speed toe frequency in toe rotor falls 
and the low-resistance circuit now has a much lov^ 
iihpedance than the high resistance circuit and carries 
toe greater portion of toe current. This low resistance 
would result in about toe same slip on full load as a 
standard squirrel-cage motor. Tire reason for the com¬ 
parative failure of toe various methods put forward 
in toe past is that no proper control over the ratios 
and -values of toe resistance and reactance of the two 
equivalent circuits is possible ■with - toe mechanic^ 
construction employed in toe various cases. It is 
ob-vious that to obtain toe fullest control and toe best 
adjustment of these the two circuits should be com¬ 
pletely separated. This is obtained in what has been 
called the double-wound squirrel-cage rotor. ^ In this 
there are two distinct windings, an outer squirrel cage 


lutving a high resistance and low reactance, and an 
inner squirrel cage having a high reactance and low 
resistance. The values of reactance and resistance 
in each case can be adjusted to give the best possible 
performance. In the summary to toe paper, the au-toor 
says: “When alternating current flows through the 
compound conductor the portion passing through the 
central copper core produces in the steel sleeve a magnetic 
flux which induces a back E.M.F. tending to choke the 
current out of the core. The result is that the current 
will flow chiefly through toe high-resistance COPP®^ 
sMn outside the steel sleeve.” It is suggested then toat 
toe proposals contained in toe paper axe essen-hally 
another variation of toe double-circuit method, and 
furthermore toat while this latest device may be a 
distinct improvement on toe iron conductor or toe 
composite conductor of Thomson, it is still iiffenor to 
the motor with two separate -windings on tlie rotor. 

In fact it is a step back from toe double-wound rotor 
machine. That this is the case is borne out by toe 
fact that double-wound rotor machines can be designed 
and bunt to have far better starting and running 
characteristics than those of toe 67-h.p. motor given m 

the paper. i ♦ 

Mr. G. H. Fletcher ; The idea of utilizing the skin 

effect ” of conductors has been exploited for m^y yems 
by design engineers, especially in connection witli 
squirrel-cage motors. The majority of induction mrtor 
designers have been lured by the apparent possibihties, 
but my own investiga-tions in "this field, and considera¬ 
tion of otoear investigations which have been made 
from to -time, have resulted in a rather sceptical 
frame of mind, and toe test-results given in the paper 
have destroyed toe last vestige of my faith m toe idea. 
Before referring to toe general analysis of toe test- 
results of toe sample induction motor---wIuch are. 
after all, toe most important points—I -w^ to ^mt 
out that these results, while sho-wing toe stodwd 
motor in a very favoured light as compared mto the 
motor bunt up with composite bars, are hardly f^ 
to toe standard motor, o-wirig to toe fact i^t whfle 
toe slip of the new rotor is 6j -per cent at full load tlm 
slip of toe standard rotor is given as only 4 -1 per cent. 
If toe slip of toe standard inotor had been the same 
at full load as toat of toe- new motor, toe starting 
torque per kVA input would not have been much 
inferior. On comparing the efficiency and power factor 
of the standard motor against toe power f^tor and 
efficiency of the motor with the new rotor, it wiH be 
seen that for a full-load current of 69-6 amprires -toe 
output of the standard motor is 67 h.p., wh^eas for 
toe new -type of rotor toe output is artually less th^ 
48 h.p. for toe same total losses. This, of wurse, w 
a very serious matter because of toe increase m weight 
and cost per h.p. Quite apart from their effect on toe 
size of the motor, however, toe reduced power factor 
and effidency are quite serious in themselves, from toe 
point of view of current consumption. A careful 
analysis wiU show that toe inferior charactenstics are 
not accidental but are inlierent hi the new rotoswmdmg. 
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The power factor is reduced, partly due to the increased 
magnetizing current as shown in Fig. 26 (no doubt 
on account of the reduced iron section of the rotor 
teeth), but largely due to the increased leakage in the 
rotor bar, that is, the leakage flux which passes round 
the steel tubes surrounding the centre rod. So far 
as I can gather from the paper the detail tests of the 
composite bar have been made with the bar unsur¬ 
rounded by iron. This condition, of course, is different 
from that under which the composite bar is actually 
used. Naturally, if a composite bar is tested in air 
the inductance of the outer copper section would be 
very much lower than that of the inner rod. When the 
composite bar is enclosed, or partially enclosed, in an 
iron core, the conditions are very different, the outer 
section itself then being inductive. This no doubt 
explains why the promising tests shown in the first part 
of the paper do not materialize when applied to an 
actual motor. The reduced efficiency is apparently 
due to an increase of 30 per cent in iron loss and an 


Table A. 



Rotor with 
composite bars 

standard rotor 
with 6 % sUp 

Output 

48 h.p. 

66 h.p. 

Current to start against 67 

h.p. load. 

174 amps. 

166 amps. 

Power factor at start 

0-42 

0-48 

Full-load power factor at 
67 h.p.. 

0-81 

0-90 

Full-load efficiency at 67 



h.p. .. .. 

87-6% 

88-5% 

Maximum output.. 

116 h.p. 

156 h.p. 

Stator current at rated 



output .. 

78*2 amps. 

69*5 amps. 


increase of 26 per cent in primary copper loss due to 
the increased primary current and 33 per cent increase 
in secondary copper loss. This latter loss, however, 
is useful in so far as it increases the starting torque of 
the motor. There are many important practical con¬ 
siderations such as cost and reliability, and it is quite 
certain that such a rotor nxust be more expensive than 
the stand^d.rptor wound with copper bars and copper 
rings, and is more dependent upon efficient workmanship 
for reliable operation. As an alternative to the author's 
suggestion I would propose to increase the rotor resis¬ 
tance of the standard motor and thereby increase the 
slip from 4* 1 per cent to 6 per cent. It is well known 
that the starting torque of an induction motor varies 
approximately in proportion to the full-load slip. In 
other words, if one were to take the standard motor 
as described in the text*and increase the slip from 4* 1 
per cent to 6 per cent the starting torque would be 
increased proportionately. The kVA necessary to start 
this motor against full-load torque would be rather 
less than in the case of the high-torque motor. In 
oth^ words, by tfie use of a suitable auto-transformer 
the current required to start would be approximately 
166 amp^fes and, therefore, this motor would be at 


least as good as the rotor wound with composite bars 
from the point of view of starting, and on every other 
point the results would be very much superior. In 
Table A I give figures based on the figures given in 
the text for motors fitted with such rotors. 

In conclusion I would suggest that the new type of 
rotor might be considerably improved if the outer 
copper sheath were omitted altogether, the composite 
bars being composed simply of the inner copper core 
and the iron sheet. In this case the current would 
pass along near the surface of the steel tube, which, 
having a higher resistance than copper, would provide a 
path of higher resistance and therefore an increased start¬ 
ing torque. Even then it is doubtful if the results would 
be so much better than the ordinary standard method 
as to justify the increased complications. 

Mr. E. A. Biimey : Anyone familiar with the un¬ 
favourable position of the squirrel-cage motor in this 
country as compared with the United States must feel 
that a more lenient attitude towards this very useful 
motor should be taken by the power supply undertakings 
in this country. It is not reasonable to expect that all 
the advance towards assisting the more general appli¬ 
cation of the squirrel-cage motor should be made by 
the designer. At the same time, any step towards 
producing a squirrel-cage motor more favourable to 
the requirements of the power supplier should be en¬ 
couraged. Various attempts to do this have been made 
in the past and the present paper should at least stfinulate 
further effort along similar lines. At first glance the 
test-results on the composite bar lead one to expect 
very much better results than those shown by his test 
data on the experimental motor. The author shows 
that with his composite bar, presumably not assembled 
I in a rotor slot, the current will flow with practically no 
lag, whereas the bar having no outer sheath shows a 
decided current lag. He deduces from this that, quite 
apart from other considerations, a material improve¬ 
ment in starting torque is to be expected. However, 
once the bar is surrounded by iron, as it is when assembled 
in the slot, this favourable condition disappears so that 
this factor would hardly enter into whatever improve¬ 
ment he finall}^ obtains. The effect of the composite- 
bar construction on the effective resistance when currents 
at full frequency are carried, is an encouraging feature 
of both types of bar investigated, since it would appear 
that a very considerable increase in the rotor resistance 
at standstill could thereby be obtained without increasing 
the slip when operating at full speed. There appears 
to be no advantage in the author's additional copper 
sheath in this respect. However, unless the tests were 
carried out with the bars assembled in slots the results 
may be misleading. Unfortunately, the experimental 
t^ts indicate that the sample motor works with a 
higher slip at full load, which makes a direct compari¬ 
son with the standard motor impossible. The power 
factor readings obtained with locked rotor would have 
given some clue to the actual increase in rotor resistance 
realized. It is unfortunate that the two motors com¬ 
pared were, not identical in all respects with the excep¬ 
tion of the rotor bars. The number of slots in the 
standard rotor is greater, and this would affect the 
results. The standard motor appears to have rectangu- 





WITH HIGH STARTING TORQUE: DISCUSSION. 


297 


lar bars ; this is a more economical shape than the round 
bar adopted for the experimental motor. The latter 
has very heavy end-rings as compared with the standard 
motor, which alters the ratio of ring and bar resistance 
in the two cases. These factors all tend to make fair 
comparison of the two motors difficult to anyone not 
well versed in the design of induction motors. It 
would appear that the composite type of bar causes a 
great increase in the rotor slot leakage, which is reflected 
in the greatly reduced overload capacity of the motor. 
This is an unfavourable feature and in my opinion 
detracts materially from any advantage gained in the 
starting performance. Unless the increase in eHective 
rotor resistance during starting can be obtained without 
materially increasing the leakage, it does not seem that 
really outstanding results are likely to be obtained. 

Mr. H. W. Walker : Previous speakers have referred 
to the restriction by various supply authorities of the 
use of moderately large squirrel-cage motors. Whilst 
this is generally true, I know of a certain municipal 
power station which uses 125-h.p. squirrel-cage motors 
to drive the rotary pumps on the condensers. The 
author's high-torque rotor, in my opinion, may not come 
into general commercial use so as to displace entirely the 
present simple and robust type of squirrel-cage rotor. 
With a little improvement they will mostly be used for 
directly driving high-speed rotary pumps and blowers, 
etc., wljiich require abnormal torque to accelerate. 

Mr. H. E. Yerbury : Every engineer is, I think, 
agreed that if squirrel-cage motors could be designed for 
high starting torque and low starting current a big 
field would be open for their use. The author rightly 
says that for simplicity and robustness they cannot be 
equalled. The tests of his 57-h.p. motor show, unfor¬ 
tunately, that power factor and efficiency are lower 
than on an ordinary type of motor. These are serious 
drawbacks as they are evident throughout the full 
range of the tests and are shown clearly in the curves. 
Full sta?iting torque was attained on the test motor 
with a line current of 2*45 times the full-load current. 
It therefore appears necessary to provide an auto¬ 
starter which incidentally is nearly double the price of 
a secondary starter for a slip-ring motor. It would be 
unfair to expect a general electricity supply depart¬ 
ment to provide plant and cables greatly in excess of 
the full load connected ; hence it is customary to 
specify that a motor should not take more than about 
1|- times full-load current at starting. On a power 
supply or railway and tramway supply only, it would 
not be deemed serious and would be scarcely notice¬ 
able if tiie supply voltage fluctuated from 5 to 10 per 
cent. Whether the effects of a large starting current 
are serious or not is of course dependent on the location 
of the motor on the supply network, and an intermit¬ 
tent diminution of voltage on a lighting circuit is most 
undesirable and in fact prohibitory. In short, low start¬ 
ing current is of more importance to a supply department 
than high starting torque, the application of which lias, 
I think, only a limited field. The commercial aspect 
cannot be ignored, and it would be interesting to learn 
the relative cost of the author's new machine. A slip¬ 
ring motor of, say, 55 h.p., costs about 25 per cent more 
than a squirrel-cage motor, but until the author goes 


further and designs a motor which will reduce the starting 
current to, say, times full-load current, the consumer 
will still be burdened with an extraneous device to 
effect this desired result, and this starter will cost twice 
as much as for a slip-ring motor. Finally, therefore, 
there is not more than 10 per cent difference in capital 
costs, but the maintenance costs are obviously lower on 
a squirrel-cage motor. As with the author's motor an 
auto-transformer has to be inserted to reduce the current, 
is not the object of his new design thereby partly 
defeated ? Further, for what purposes, apart from lift 
and crane motors, does he think his special motor is 
required, and does he not think that there is more 
likelihood of the insulation deteriorating, and that any 
type of motor would have a shorter life if the full or 
nearly full voltage of the supply were impressed upon 
it at each starting period ? 

Prof. E. W. Marchant {communicated) : The 
ingenious device of building a squirrel-cage rotor for 
an induction motor with composite rods having a 
copper core surrounded by an iron sheath, which in 
turn is covered by a thin outer copper sheath (thus 
increasing the effective resistance of the rotor bars for 
the relatively high-frequency currents which are induced 
when starting the motor), is an important improvement 
in the design of induction motors. The circuit of a 
rotor constructed with bars of this character has a 
much higher power factor than one made with steel- 
covered copper bars such as were described by Elihu 
Thomson. This has been shown clearly by Dr. Wall's 
experiments, and the importance of this result is demon¬ 
strated very clearly in Fig. 10. With a ratio of ellective 
rotor resistance at starting, to rotor resistance when 
running, of 3, the startihg torque when the power 
factor of the rotor is unity is 1 350 Ib.-ft., whereas 
with a power factor of 0-80 the starting torque is about 
820 lb.-ft. It is interesting to note also that no gain 
in starting torque is obtained when the ratio of resistance 
at start to running resistance is greater than 3. The 
circle diagram shows that there must be a limit to the 
gain in starting torque obtained by increasing the rotor 
resistance, and the author's figure for the best ratio 
should be useful to designers. He has designed a 
motor which should be of great service where a robust 
motor with high starting torque is needed. It has all 
the advantages of the squirrel-cage motor in simplicity 
of construction, with a starting torque of the same 
order of magnitude as that obtained with the much 
more complicated, wound rotor. This result has been 
obtained at the expense of a relatively small loss in 
efficiency and power factor. 

Dr. T, F. Wall {in reply) : In the' course of the dis¬ 
cussion, reference lias been made to the double-wound 
rotor of Boucherot. This type of motor is, of course, 
subject to deficiencies of an exactly similar nature, 
viz. reduced efficiency and power factor, as are shown 
in the test-results given in the paper for the composite 
conductor rotor. The double-wound rotor has, however, 
the further disadvantages that its size and cost for a 
given output must obviously be considerably greater. 
I have given a fully worked out example of the per¬ 
formance of a Boucherot motor in Engineering, 
August 10, 1923. 
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The machine of which the test data are given in the 
present paper is the first of this size to be completed 
and tested. So far as I am aware these test data are 
tlie first yet published for a rotor built with composite 
conductors. It is therefore obvious that the results 
obtained are not submitted as giving the best possible 
performance of which motors built in accordance with this 
invention are capable. For example, the performance 
would have been appreciably improved if it had been 
possible to choose a larger number of rotor slots, as 
would have been the case if rectangular conductors 
had been employed. Such rectangular composite con¬ 
ductors would be practicable if the steel sheath were 
formed from rectangular ‘‘washers'* stamped out of 
laminated iron and threaded on the'central’rectangular 
conductor, the whole being covered with the’ copper skin. 

A further consideration as regards tfi^ field of applica¬ 
tion of this new type of ro^pr is that in many cases it 
would be feasible to use. series starting resistances, 
instead of an auto-transformer, when it is necessary to 
reduce the starting current to a value still lower than 
that obtained by switching the motor directly on to 
the line. Series starting resistances provide the cheapest 
form of starting gear, and this item would be similar 
to the starting resistance of a wound rotor, with the 
exception, of course, that it would be connected in the 
stator circuit instead of in the rotor circuit. 

In designing a standard line of these motors it would 
be pcfssible to design machines that would have appre¬ 
ciably better starting characteristics than those of The 
expenmental sample specified in the paper. It is, 
however, hoped that thesei results will form the basis 
frdm!’which fur^er advances may be made, 

Mr/ Fletcheif "seems to me to have formed a gloomy 
opinibn of the possibilities of tliis invention which is 
certainly not justified by any test-rbsults given in the 
paper. If his pessimism is based on experience with the 
simple steel-sheathed conductor I can understand it. 
I consider, however, that the addition of the outer copper 
sMn introduces ah entirely new and beneficial factor 
in: the design of composite conductors and bririjgs them 
within the reahh of practical application. Mr. Fletcher 
states that “for tfie same total losses ** the new high- 
torque rotor will give less than 48 h.p. as compared 
with 57 h.p, by the standard rotor. He then proceeds 
to increase the rotfoi^'resistance of the standard motor 
by about 46 per cent, and draws lip Table A in which 
the standard motor is allowed to have appreciably 
greater total losses than the new high-torque motor for 
the specified rating.^. The data given in Mr. Fletcher's 
Table A axe wrong in important respects. Increasing 
the slip of the stand^d rptor from 4-1 per cent to 
6 per cent, i.e. by abotit 45. per cent, will raise the 
torque curve in Fig, 19 by a corre^onding amount, but 
even then the torque curve is markedly below that of 
the rotor with composite bats, and the starting current 
at AiU-load torque is appreciably higher than that of 
the composite-bar rotor. In view of these facts, 1 con¬ 
sider Table A to be of no value as a criticism of the 
new high-torque rotor. 

As regards the applicability of the tests on single 
isolated composite rods, there seems to be a misapp!re- 
hension,'’ The tests on the isolated composite rods 
give the inherent ch^acteristics of these rods, and 


this information is the essential feature in consider¬ 
ing the possibilities of such rods when used as rotor 
conductors. The comparison of the test-results for 
single isolated composite rods with outer copper 
skins and single isolated plain steel-sheathed copper 
rods is a perfectly legitimate one, and the great 
advantages shown by the former will be evident in 
test-results from rotors constructed respectively from 
these two types of composite conductors. There is, 
however, a further very important consideration ta 
bear in mind, viz. that whereas the plain steel-sheathed 
copper rods will most seriously (and, I think, pro¬ 
hibitively) increase the slot lealcage, the composite 
rods with outer copper skins will cause nothing like 
this increase in slot leakage, for the simple reason that 
the flux passing through the steel sheath will also cut 
the outer copper skin and is therefore not leakage, 
although it may give rise to a certain amount of eddy- 
current loss in the copper skin. This may, in fact, 
partly accouilt for the slightly lower efficiency of the 
composite-rod rOtor as shown in the test-results given 
in the paper. In view of the considerations already 
detailed and also in view of the test-results given in 
the paper, the suggestion that plain steel-sheathed 
copper rods would be preferable to the steel-sheathed 
copper rods with outer copper skins seems to me to 
be wholly unsupported either on logical or on experi¬ 
mental grounds. ^ r. ‘ 

Mr. Yerbury points out that the composite-bar rotor 
will draw more than times the fult-load current 
from the line if switched directly on to the line at start¬ 
ing. This is quite true, but I think that the time has- 
arrived when electric suppty undertakings should relax 
their ruling that itiduction motors shall not take more 
than about Ij times full-load current when starting. 
Designers should be met at least half-way in this respect 
and I submit that not to do so= is putting difficulties 
in the designers* way which largely unnecessary* 
There seems to be very little real justification for this 
severe restriction on the amount of starting current. ’' 

It is not expected that the cost 6f rotors with com- 
jiosite conductors will show up advantageously in all 
cases as compared with normal squirrel-cage rotors. 
Investigation shows, however, that thefe is a rafige of 
motors of medium output for which the cost of this new 
type of rotoJT will compare favourably both as teigafds slip- 
ring rotors and normal squinrel-cage rotors. 

. That there is a real and definite need for a satisfactory 
squirrel-cage induction motor with high starting torque 
is, I think, most conclusively proved by the ;{act that 
such a large number of electrical engineering firms in 
this country, on the Continent, ^d in the United States, 
have made such persistent efforts to solve the problem. 
That this is so is borne out by reference to the Patent 
Office records and to the technical Press. 

I am not quite clear as to what Mr. Yerbury refers- 
with regard to. possible insulation troubles. It is not 
necessary to have any insulation in the rotor slots. As 
is so often the practice with normal squirrel-cage rotors, 
the conductors may be laid directiy in the rotor slots. 

I much appreciate the remarks of Prof. Marchant* 
I thank him for calling attention to some of the salient 
facts given in tl\e paper,.and for his appreciative view 
of the proposals on Which the paper is based. 
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EFFICIENCY OF END CONNECTIONS, AND THE SHORT-PERIOD 
RATINGS OF LARGE-CURRENT SHUNTS.* 

By S. W. Melsom, Associate Member, and H. C. Booth. 

[From the National Physical Laboratory.] 

[Paper first received, 22nd Angust, and in final form 21st November, 1924.) 


Summary. 

The efficiency of the end connections, which was discussed 
by a Committee of the British Engineering Standards Associa¬ 
tion when considering the standardization of shunt ends and 
switchboard connectors, has been investigated. The results 
show that with brass lugs the contact resistance is con¬ 
siderably higher than with copper, and also that with brass 
ends the pressure-drop across the two joints is of the order 
of 20 mV as compared with 76 mV across the shunt itself. 
With copper ends the voltage-drop is only 3 mV. 

The temperature-rise of the resistance elements of shunts 
carr 3 ring overloads was investigated. The amount of over¬ 
load which a shunt will carry during short periods before a 
given temperature excess is reached depends almost entirely 
on the heat capacity of the metal of which the shunt is 
composed, the effects of radiation and convection under 
these circumstances being negligible by comparison. Formulae 
for the evaluation of short-period overloads were deduced 
from the dimensions of t 3 rpical shunts for a given value of 
the temperature excess, and. were checked by results obtained 
from actual overload tests. 


Introduction. 

In connection with the work of the Instrument Com¬ 
mittee of the British Engineering Standards Association, 
it was considered desirable to investigate before they 
were definitely adopted for standard practice the pro¬ 
posed standard sizes for ^unt ends and other apparatus 
used on or with switchgear. 

Three shunts, designated A, B and C, were kindly lent 
by Messrs, Elliott Brothers, Ltd., and Messrs. Nalder 
Brothers and Thompson, Ltd. These all had the 
standard pressure-drop of 76 mV and were for normal 
maximum currents of 2 600, 3 000 and 6 000 amperes 
respectively. 

In their general shape and design these three shunts 
were very similar, and the total cross-section of the 
metal in the resistance elements was proportional to 
the current to be carried, so that there is no reason to 
ascribe any variations in the behaviour of the end 
contacts to this factor. 

The principal dimensions of these three shunts are 
given in Table 1, and in Fig. 1 they are shown drawn 
to the same scale. The 2 600-ampere shunt A was 
fitted with copper lugs, the other two shunts with brass. 

The proposed standardizing of the dimensions related 
only to the size and spacing of the bolt holes; the thick- 

* Tlie Papers Committee invite written communications (with a view to 
pnhlication in the Journal if approved by the Committee) on papers publish^ 
in the Jouffial without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


ness, overall width and length of the lug being left to 
the individual maker. In the three shunts tested the 
actual width, length and thickness were so dimensioned 
that small variations would probably not greatly affect 
the results. 

For the purpose of the tests the shunts were con¬ 
nected with copper busbars of the same width as the 
lug, one on each side of the lugs. The thickness of each 
of the strips was | in. for the 2 600-ampere and 3 000- 
ampere shunts, and i in. for the 6 000-ampere shunt. 
Thus the sectional area of the copper connecting-pieces 



Scale ?5assir.A~ir^ 

Fig. 1. 


was 3 sq. in, for the two smaller shunts and 6 sq. in. 
for the 6 000-ampere shunt. 

Results of Tests. 

As regards the number and arrangement of the bolt 
holes, previous work had indicated that an intermediate 
fifth bolt did not improve the contact, and this was 
again confirmed in the case of shunt C (Fig. 1). The 
fifth bolt hole would therefore appear to be unnecessary. 

The question as to what constitutes an . efficient joint 
for the purpose of a shunt is a matter of some doubt. 
The definition used by the authors in thei» previous 
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work ♦ was as follows: An efficient joint is one in 
which the total resistance of the length comprising the 
joint is not greater than that of an equal length of the 
straight conductor/* and this probably holds for all 
ordinary switchboard practice, though for a shunt it 
may be argued that a pressure-drop of 20 mV across 
the two joints is small in comparison with the drop 
across the shunt itself. For the present purpose, how¬ 
ever, the authors have again adopted this definition. 

The results for the three shunts are set out in Table 1. 
It will be noted that the efficiency of shunt A fitted 
with copper lugs is very good, the resistance of the 
joint being considerably less than that of an equivalent 
length of the straight (copper) conductor. On the other 
hand the efficiency of contact of the brass lugs is some¬ 
what low, being of the order of 37 per cent. 

It will be seen from the table that the copper lugs 
in the small *5hunt are thicker than the brass lugs for 


Short-period Overload Ratings of Shunts. 

The following investigations were carried out on the 
three shunts A, B and C, in which the pressure-drop 
at full load was 0*076 volt, and also on a 6 000-ampere 
shunt D, in which the pressure-drop was 0*2 volt at 
full load. The object of these investigations was to 
find how far shunts for heavy current could be over¬ 
loaded for short periods without the temperature-rise 
becoming excessive and endangering the soldered joint 
or changing the resistance of the shunt. 

In the case of a simple conductor the problem might 
be solved from a general knowledge of the heat-capacity 
and heat-emissivity characteristics of the conductor, 
but in the case of shunts the factors involved are too 
complex to permit of any general solution of the problem 
being arrived at on these lines, except under certain 
special circumstances to be discussed later. The general 


Table 1. 


Shunt 

Current 

a 

Tx 


W 

VoJtage*dmp 
(one joint) 
of overlap at 
full load 


■ 

•Rjf 


1 

Its 


Joint 

efhciency, 

lOORiJk 


amps. 

in. 

in. 

in. 

In. 

raV 

microhm? 

BS 

microhms 

mioroltms 

microhms 

microhms 


A (copper) 

2 600 

4 


1 

4 

1*48 

0*69 


0-42* 

0-17 

0-264 

1*068 

179 

B (brass) . 

3 000 

4 

1 

1 

4 

8*04 

2*68 



1-86 

0-245 

0*980 

36*5 

C (brass) . 

6 000 

6 

1 

1 

6 

10*3 

2*06 

45 


1-448 

0-126 

0*768 

37*3 


L = length of overlap. 
a= thickness of lug. 

= thickness of the double busbar. 
W s= width of lug and busbar. 

R = resistance of overlap. 


t = temperature of overlap. 

Rjjf resistance of metal parts of overlap. 

Rq = resistance of contact surface of overlap. 
Rjg = resistance of 1 in. of double busbar. 

JBx = resistance of length L of double busbar. 


Note .—^In computing R^ the resistivity of the brass was taken as 3*0 microhms per inch ci^e with 
a temperature coefficient of 0*001 per deg. C., and the resistivity of the copper as 0*678 microhm per inch 
cube with a temperature coeflicient of 0*004 per deg. C. 


♦ The thickness of that portion of the busbar which formed the overlap was in this instance reduced to ^ in. 


the larger shunts; thus the actual metallic resistance 
given in the table for this shunt is lower in proportion 
than that of the other shunts. The higher efficiency 
of the joints of shunt A as compared with B and C, 
however, arises only in a small measure from tbjs cause. 
As will be seen from the values given for Rq, the contact 
resistance of copper to copper is very much less than 
that of copper to brass. This point has been noticed 
before, but has not yet been fully investigated. 

The fact that the thermal conductivity of copper is 
at least 3 or 4 times as great as that of brass, although 
the effect of it is not apparent in the present connection, 
requires, however, to be noticed as being a factor of 
considerable practical importance, since better thermal 
conductivity of the parts involved will help materially 
in dissipating the localized heating which is developed 
at the place where the resistance elements are soldered 
into the shunt-ends. 

Journal 1822, vol. 60, p. 892. 


treatment of the problem which is applicable in the 
case of a simple conductor is possible only because 
certain simplifying assumptions can be made. It is 
permissible, for instance, to regard the conductor as 
thermally homogeneous so that when it is carrying 
current the heat generated will be uniformly distributed 
within the metal and uniformly dissipated to Ihe sur¬ 
rounding medium, and not to any appreciable extent 
through or into the end connections. ThevSurrounding 
medium may also be assumed to remain throughout at 
an approximately invariable temperature and not to be 
affected by the rising temperature of the heated body. 
Under these conditions, and assuming that over a 
limited range of temperature difference the heat is 
dissipated at a rate proportional to the temperature 
excess, the relation of temperature-rise to time will then 
be of the simple form 

5 = wi (1 — €-«/y) 




( 1 ) 
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where, for any given current, 

d = the temperature excess of the conductor above 
the surrounding air, 

m — the final maximum temperature excess pro¬ 
duced by the given current, 
t = the time which has elapsed since the current 
was switched on, 

y the time-constant of the conductor, i.e. the 
ratio of tlie heat capacity to the rate at 
which heat is lost to the surrounding medium 
for a unit temperature excess. 

In a shunt, however, because of its more complicated 
structure, the conditions are substantially different. 
The heat developed by the current is carried off, not 
only by radiation and convection into the surrounding 
medium, but also, and to a very considerable extent, 
by direct conduction through and into tlie end pieces 
and connections to which the shunt is attached. The 
temperature^ of these end pieces rises both in conse- 
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Fig. 2.—Comparison Of temperature-rise of four shunts, 
{a) at normal rating and (6) at 60 per cent overload. 


quence of the local effects of the current and of the heat 
that flows into them from the resistance element. 

Where, however, the simple relation expressed by 
Equation (1) holds, the rise of temperature for any such 
simple conductor, at any given period after switching 
on the current, will in every case be in the same ratio 
to the final maximum value. Thus under two different 
conditions of loading for which the final maximum 
temperatures would be Mi and Mg respectively, the 
two corresponding values of the temperature excess at 
any time before the final temperature is attained 
would also be in the ratio of M^ to Mg. In cases of 
this kind, therefore, the theoretical determination of 
the time that will elapse before the temperature excess 
reaches any prescribed value could easily be calculated 
if the thermal characteristics of the conductor were 
approximately known. 

The extent to which the thermal behaviour of the 
resistance elements of a heavy-current shunt departs 
from this simple relation will be seen from Table 2, 
which gives in the case of the three shunts B, C and D 


the temperature excess (a) for normal loading, (6) for 
a 60 per cent overload, and (c) the ratio of these two 
sets of values taken at various intervals during the first 
portion of the heating curve. It will be seen that 
neither for the same shunt at different parts of the curve 
nor for different shunts at the same time-interval after 
switching on, is the ratio constant. The temperature- 
rise curves of these three shunts, together witli that of 
shunt A, are also shown in Fig. 2, in each (^se as a 
percentage of tiie final temperature. The rapid rise of 
temperature in shunt D is no doubt chiefly due to the 
fact that though larger and heavier than the other three 
shunts the voltage-drop is 0*2, whereas in the others 
it is 0-075. 

Table 2, 


Shunt 

Time 

On 

(Temperature- 
rise with 
normal rating) 

Bio 

(Temperature- 
rise with. 

50% overload) 

Ratio 

Bo/Bqo 


mins. 

deg. C. 

deg. C. 




2-5 

60-6 

99-6 

0*608 



6 

61-6 

123 

0-600 



7-6 

68*6 

134*6 

0*608 



10 

72-6 

141*6 

0*612 

B 


16 

77-6 

161 

0*613 



20 

81-3 

168*7 

0*612 



30 

86-5 

169*3 

0*612 



40 

91*3 

177 

0*616 


r 

2-6 

47-0 

97 

0*486 



5 

60 

123*6 

0*485 



7*6 

66 

140*5 

0*469 

. 


10 

69*5 

143 

0*486 

c ^ 


16 

76 

154*6 

0*485 



20 

79 

161*6 

0*490 



30 

86 

171*6 

0*496 



40 

89*4 

179 

0*60 



60 

96 

187*5 

0*56 



2-6 

35*6 

75*6 

0*470 



• 6 

02 

128*6 

0*483 



7-6 

78*6 

156 

0*603 

D . 


10 

86*6 

169 

0*610 



16 

90*0 

176 

0*514 



20 

96 

181 

0*524 


- 

30 

96 

182 

0*627 


An approximate indication of tlie length of time during 
which an overload is permissible is given in Fig. 2, 
which shows the rise of temperature in shunt A with 
normal current, and with 60 per cent, 100 per cent and 
200 per cent overload respectively. The heating of the 
positive and negative ends for normal current and 
60 per cent overload is also given. It will be seen that 
with 200 per cent overload a temperature excess of 
200 deg. C. in this instance is reached in about 1 minute 
after the current is switched on, but with a 100, per 
cent overload this temperature is not reached until the 
current has been flowing for ^bout 6 minutes. iThe 
ends of shunt A were of copper and the positive end 
during the first 10 minutes did not attain to more than 
20 per cent of the temperature-rise of the hottd!fet of tlie 
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resistance strips, to the behaviour of which the tempefa- 
ture curves in all cases refer, except where otherwise 
stated. In B, a 3 000-amp^e shunt with brass ends, 
the temperature-rise of the ends was relatively greater, 
and during the first 10 minutes attained to about 
50 per cent of the temperature of the hottest strip. 
This must have a very direct effect on the rate of 
temperature-rise of the resistance elements themselves. 



PtG. 3.—-Temperature of resistance element and ends of a 
2 500-ampere shunt with various overload. 

and it is probable that to this effect are chiefly to be 
attributed the differences in the character of the 
temperature-rise curves, especially during the first few 
minutes. These differences are well exemplified in 
Fig. 2, from which it will be seen that the time taken 
to reach a given temperature (the final maximum 
temperature for normal rating being in all cases approxi¬ 
mately the same) may vary by as much as 100 per cent, 
"Where the maximum permissible temperature-rise is 
reached in a few seconds—^this happens when the shunt 


heat energy developed in the resistance elements goes 
to raise the temperature of the metal. The rate of 
temperature-rise will therefore depend entirely upon 
the voltage-drop and current on the one hand, and the 
mass, resistivity and specific heat of the metal on the 
other.^ If constant values are assumed for these 
quantities it is then possible to obtain a general formula. 

Let it be assumed that the resistance elemrents are 
of manganin and that the mean resistivity p = 4^ 
microhms per cm cube, the density d s= 8 *4, the 
specific heat « = 0*60 (in electrical measure), I = the 
length of the resistance element in cm, M = mass of 
the resistance elements in grammes, and R =* resistance 
in ohms. Then, on the assumption that there is no 
escape of heat, the temperature-rise 0 when a current I 
has been passing for t seconds is 

® Ma 

If the voltage-drop is 0*076 when l\ the normal 
rated current, is passing, then 

JR = 0*076//'=» p?/.4 
and If = dlA 

A being the total cross-section of the resistance material. 

We therefore have 

I' O-OTsVV * / 

If we assume an initial'temperature of 20® C. and that 
200® C. is the maximum, then 6 = 180, and if, as is 
frequently the case, 2=7*6 cm (approximately 3 in.) on 
substituting the numerical values given for p, d and a 
the formula reduces to 

I/r == 17*8/V^ 

which is the overload factor; or 



which gives the time during which the overload current 
may be carried. 


Table 3, 


Ratio of overload to normal rated current.. 

1-5 

1-7 

2-0 

2-5 

3-0 

6-0 

Time in seconds to attain 200® C. assuming 
that shunt 

{a) was previously cold .. 

141 

i 

79 

61 

36 

12*7 

ip) had been running at normal current 

78 

M 

44 

28 

20 

7 


carries a very heavy overload—^the problem becomes 
amenable to a very simple method of treatment. 
During such periods very little of the heat developed 
will have time to escape, either by radiation and con¬ 
vection, or by conduction. For practical purposes it * 
therefore be sufficiently correct to assume that, for 
a very short period after switching on, the whole of the 


But these fonnulm are based on the assumption that, 
when the overload is switched on, the shunt had pre- < 
viously been csnrying no current. If the shunt for 
some time previously has been carrying the TnaY iTn ^ inri 
rated current and under these conditions is then sud¬ 
denly called upon to carry an overload, the temperature- 
rise can no longer be taken as 180 deg. C. but as the 
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difference beiween 200® C. and the temperalnire which 
the shunt attains at full-load current. If this latter be 
taken as appro^citnately 100° C., 0 becomes 100 deg. C. 
and the formulae become 


I _ 13-3 



With this assumption a series of short-time ratings 
corresponding bo various overloads was calculated by 
the use of the formula and is shown in Table 3. 

This would indicate that if the overload period does 
not exceed 1 irLinute an overload of 130 per cent above 
the normal rabing current would be permissible if the 


shunt started cold, but that an overload of 70 per cent 
could be allowed if the shunt had previously been running 
at full load. Reference to the curves for 200 per cent 
and 100 per cent overload in Fig. 3 will show that this 
is approximately correct. 

Note .—^In all the shunts tested the temperature-rise 
for normal maximum continuous loading was of the 
order of 100 deg. C., and in discussing the effect of 
overloads and the application of the formula in the 
examples worked out the authors have considered a 
value of 200 deg. C. This latter figure is purely arbitrary 
and was taken as being rather below tlie melting-point 
of soft solder. It is not suggested that this or any and 
every type of resistance alloy that might be used could 
safely be raised to this temperature without permanent 
injury or change, or that this value should be adopted 
as standard practice. 


DISCUSSION ON 


"A NEW NETWORK THEOREM."* 


Mr, A. Morarls {communicated ): Mr. Rosen's paper is of 
considerable gexieral interest and of great practical utility 
to engineers a.XLd others who are concerned with 
electrical networks. The title of the paper indicates 
that the theorem is new; this, however, is not the 
case. Mr. George A. Campbell published it in perhaps 
an even more gexieral form—^in the Bell System Technical 
Jowma/,#July 1922 (vol. 1, No. 1), in an article entitled 
" Direct Capacity Measurement." This article con¬ 
tains the following statement: “ Generalizing, we have 
the following definitioi^ : The direct capacities of an 
electrical system with n given accessible terminals are 
defined as the n{n — l)/2 capacities which, connected 
between each p>air of terminals, will be the exact equiva¬ 
lent of the syrsbem in its external reaction upon any 
other electrical system with which it is associated 
only by conductive connections through the accessible 
terminals." I cinite believe that Mr. Rosen was without 
knowledge of Campbell^s article when he submitted 
his paper for publication and that he has in fact worked 
out the theorem, quite independently. The theorem is, 
however, of siaclx importance, and would appear to be 
so little known, that its publication in the pages of 
the Journal, bwo years after its having been first 
enunciated, is probably fully warranted. 

The following example of the use of the theorem 
applied to impedance operators will doubtless prove of 
interest. This example involves the use of the star 
to mesh and also the mesh (triangular) to star (three 
ray) transformations. The network concerned arises 
in connection with the localization of a certain class of 
* Paper by Mr. A. Posen {see vol. 62, 916). 


dielectric fault occurring in electric cables.* Fig. A 
shows the magnitude of the impedance of each network- 
member, as well as its arrangement. PQSL and VXJTL 
represent the separate conductors of the faulty cable 
circuit, which are joined together at the end L for the 
purpose of localization. ZQ and ZU represent the 
normal insulation resistances to earth of the conductors, 
whilst ZS and ZT represent the resistances of the 


. P 



" earth " faults existing at the points S and T respec¬ 
tively. PH and HW represent ratio arms, G a galvano¬ 
meter, HZ an earthed battery and WV a resistance 
which can be adjusted until balance of the galvano¬ 
meter is secured. The fault on the cable circuit is 
situated at a point x ohms from the end V of the 
conductor VUTL. The resistance of each conductor 


* A. Morris and R. M. Chamnev : « 

OOP Test,” Jimrwa of m InsUtution of Post Office Elearieal Engin^, IQIS 
d 11 nartl: also H. T. Werren: ‘‘The Localisation of Low Insulation 
a^tsTrSidi^SLd Cables,** Post Office Research Reptrt No. 1672, 

bvember, 1022. 
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normal insulation resistance 
resis^ces are n, m and / ohms respec- 

wv adjustable resistance 

, when a balance has been secured, is r ohms. 

1 ? the condition for balance of the 

network by the usual methods, it would be necessary 
a seven-row determinant. By the use of the 

tor balance may be written down 
at once if the network is first simplified. 

In the expressions about to be derived the following 
abbreviations will be used ^ 

(i) For [m+f+ 2 ( 2 a - x)] write 1/g. 

[a - a? 4 . 2mg{2a - s»)] write 1/h. 

[a — a? + 2fg{2a — a?)] write 1/k, 

(iv) For [mfgQi 4 . A;) 4 - i] ^ite s. 

(v For [mSg(h + A) + wA + 1 ] write t. 

(yi) For [mfg(h 4 - Aj) + -|- 1 ] write u, 

(vii) For [mfghhniu ^ t) + ut] write w. 

The simplification is effected as follows 

memb^^S^ two members SL. TL by the single 
member ST ; whence ST = 2(2a — sc). 

(b) Transfom the triangular mesh ZST into the 
toee-ray star YZ YS YT; whence YS = 2 »iflr( 2 o _ a:); 

YT = 2fff(2a - as); YZ = n^ff. ^ ' ’ 

(c) Transform the star SY, SQ into the member YO 
and the star TY, TU into the member YU; whence 

YQ = o _ * 2mgr(2a — *) = 1 /A 
YU = a - * + 2fg(2a - x) = Ifh 

70 '^2. YU into the mesh 

-^W*Wbi,UZ ; whence:— 

2 Q = + h) + 1 _£ 

A ~ A 

QU i_ + ^) + 1 8 

mfghk ~ mfghk 


U2 ^ A) + 1 ^ , 

k k * 

tw?nSS 7 TT*^® members and also the 

two parallel ZU members, thus :_ 


ZQ = 


ns 


2U== 


nA 4 « 
ns 


ns 

T 


bridge network (for equal ratio arms) can now be 
written down, observing that the member OZ is in 
s^es the battery feed and that its magnitude 
will not affect the equation for balance, thus :_ 


_ ns 

nk 8^ u 


if) Transform the triangular mesh ZQU into the 

three-ray star OZ, OQ, OU; whence:- 


OZ =s ‘'^“^fyb’ka _ ^ figff 

w ’ w - "sr 


OU = — 

to 


network is then as represented in 

PQ W W impedaJce members 

mSi^'oToo OT?of the 
^Ders OZ, OQ, OU as given in paragraph (f) above 

The condition for balance of the resulting vSeatstone 


i.e. 


nsu nsi 

a+-— = r + a-i - 

w ^ tv 

ns. ^ n^s 

—(* - *) 
W W ' 


The advantage of the above method of treatment 
from the point of view of the saving of labour in the 
work of obtaining the condition for balance is very 
considerable. The reduction of the complicated net¬ 
work to the simple four-arm bridge is also of practical 
advantage, by reason of the dear picture thus pre¬ 
sented of the balancing conditions to be met when 
arranging the testing apparatus. 

The equation given above wiU require to be evaluated 

t 4 .Z' ^ simplified by reason 

of the fact that in practice m, «» and / are of an order 



times that of a and *. Furthermore if a 
si^ equation is obtained for the balancing condition 
(baJ^i^g resistance r') when testing from the end 

2ar' 

X =: -- 

r + r' 

^ ““ g^'ateful to Mr. 
^iTB for drawmg my attention to G. A. Campbell's 

witifwWrW^^^^ Journal of July 1922, 

was previously unacquainted. From the 
fact tlmt it IS not quoted in more recent articles on the 
subject, and also that Mr. Morris is the only one who 
hM commented on the matter, it is evident that the 

no^n! “ engineers in this country, and 

no doubt m Europe generally, are concerned. 

oni?LTn^““ given by Mr. Morris is interesting, not 

appUcation of the star-mesh 
conversion, but also as a method of locating faults in 

appreciated by cable 
engmeCTs. Smce the publication of the paper,^ I have 

ms^ces of the more extended form of 

2 “ K ‘^®^®l®P“ent of a general theory 

of the mteiference between circuits in telephone cables 
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MERSEY AND NORTH WALES (LIVERPOOL) CENTRE: 

CHAIRMAN’S ADDRESS 

By H. H. Harrison, Member. 

“THE ART OF COMMUNICATION ENGINEERING.” 

(Abstract of Address delivered at Liverpool^ Zrd November, 1924.) 


In taking for my subject to-night that of Communica¬ 
tion Engineering, I need hardly remind the members 
that our Institution originally existed as the Society of 
Telegraph Engineers and that its interests were then 
entirely devoted to tliis, the earliest, branch of our 
profession. 

Communication engineering embraces telegraphy and 
telephony, either wire or radio, and also such electrical 
means of communication as control the movements of 
trains, i.e. railway signalling. Fundamentally the three 
sections have the same object, viz. the control from one 
point by one individual, or a group, of the actions of 
another person or collection of persons situated some 
distance away. The links over which the control is 
exercised range from a few miles to three or four 
thousand, and it is partly this question of distance 
which determines the type of link used. 


<* 


Hertzian 'v 

lUdio 
Carrier syg 
Telephony 
Land line 
telegraphy 
Cable (1921) 

. Cable 
telegraphy 

1 illUl 


wmmm 

m 



( 

) i 

1 4 € 

) t 

10 1% 


Logio frequency 

1.—^Frequency bands of different forms of 
communication. 

To the student of these matters two tendencies have 
revealed themselves in the last 10 years. One is the 
replacement, as far as possible, of the human element 
by the machine. This is evidenced by the rapid growth 
in the adoption of printing-telegraplis, in which the 
telegraphic art is reduced to the mere pressing of buttons ; 
while switching mechanisms, remotely controlled by 
the subscriber, are fast taking the place of the manually 
operated telephone exchange. This movement is in 
evidence^ over the entire world, but perhaps more so 
in the United States. This is partly explained by the 
size of that country and by the number of big cities at 
relatively great distances apart. In Europe, since the war, 
great strides have taken place in the directions indicated. 

The second tendency to be noted is the gradual over¬ 
lapping in technique of land-line, cable and radio 
telegraphy and of land-line and radio telephony due to 
each borrowing methods which have been developed in 
bringing the others to their present stage of usefulness. 
The interconnection of land-line and radio-telephone 
channels is an example of this, and both wire telegraph 
and telephone engineers are crossing the frontiei* line 
dividing them from the radio engineer. The common 


medium of exchange is the three-electrode valve and 
its associated circuits. 

It is perhaps useful at this stage to glance at the 
communication frequency spectrum. Fig. 1 shows the 
various frequency bands used by the different systems. 
The plots represent the logarithms of the numbers 
corresponding to the width of the bands. 

I propose in this address to give illustrated descrip¬ 
tions of the following :— 

Signalling methods employed in communicating 
intelligence. 

Various multiple methods of signalling. 

The fundamentals of telephony. 

The current patterns of elementary signals. 

The characteristics of long and short conductors, 
cable and land line. 

The siphon recorder. 

Automatic transmission on cables. 

Telephone circuits. 

The advantages and disadvantages of loading. 

Methods of loading in use. 

Combination of loading with repeaters. 

Arrangements at repeater stations. 

Radio-telephony. 

The band filter. 

Carrier-current telegraphy and telephony. 

Interlinking of wire and radio channels. 

Land-line telegraphy has, except for tlie apphcation 
of several frequencies to multiple operation, remained 
stationajry for many years. The process of substitution of 
machines for manual methods of operation is steadily pro¬ 
ceeding and manual telegraphy is dying, bub dying hard. 

Two recent developments in automatic telegraphy 
possess features which make them of some interest. 
Quadruplex telegraphy which provides for the simul¬ 
taneous transmission of two groups of signal in one 
direction, and also two groups of signals in the opposite 
direction independently of each other, is based on a 
combination at each station of the single-current and 
double-current duplex systems. The single-current 
portion of the system permits of the transmission of one 
group of signals in each direction through changes in 
current intensity, and the double-current system permits 
of a similar additional transmission through changes of 
current direction irrespective of current strength. The 
latter is called the '' A," and the former the " B 
channel. The '' B " signals are superposed on the “ A '' 
signals, as will be clear from Fig. 2 [a) in which letters 
F and L are set out on a current-time chart. 

It will be noted from Fig. 2 that the requirements 
for the A'' side signals result in several reversals in 
direction of the current while '' B signals are in pro¬ 
gress. These reversals produce a moment^of no current 



806 HARRISON: MERSEY AND NORTH WALES (LIVERPOOL) CENTRE: 


in the line. This has no influence on the “ A " side 
r^ay. since this is polarized and its armature remains 
where last placed. The " B ” side relay is, however, 
non-polarized and is provided with a controlling spring. 
Wiih, no current, its armature commences to leave the 
workmg position and return to the normal or resting 
position. This return movement ceases as soon as the 
current is re-established, but in the meantime the " B " 
signal has been broken, or “ spKt" as it is termed. This 
m shown at the points indicated by arrows in the 
ngmc. This splitting tendency seriously limits the dis- 
tMce over whidi quadmplex operation is possible and 
a^ pre-ronts high-speed operation of the "B" ciiaT.nAi 
althoughjthis is practicable on the " A " char.r.Ai 


which also involves the connecting in phase of the 
several transmitters by shafting and gears has been 
developed. Two separate independent channels are 
mown in Fig. 3, but there is no limitation and tliree or 
four diannels may be employed. The principle on 
which the method depends for obtaining more than 
one channel is that of division of the line time. A time 
unit IS taken, say that of a dot impulse, and the line is 
given to each transmitter in turn for one-half, one-third 
or one-quarter of the time unit. The transmitter star- 
wheels are geared together and to a revolving brush arm 
which sweeps over circularly disposed contacts in pairs 
and gives the line to each transmitter lever TL, TL in 
turn. The current-time chart at the right-lmnd side 


■— A 




( 6 ) 



^Varranged that the dot 
fflgn^s on borii diannels commence and terminate 

^ “ effected—and it is secured by 
^g automate taansmitters on both channels and 
together-spUt dot signals are impossible 

mterv^ a dot space apart. These can be bridaed 
ov« by any of the known devices for this pSe 
and we have a quadruple system which is capaWe of 
.t Ugh "o. boa. 

3 qnadrnplex operation is due to Creed 

130 coMtitutes a considerable advance • 

130 words per mmute per channel, or, together 2 fi 0 
wor^ per minute have been tr^nkSd^weS 
London and Manchester. oetween 

Another recent contribution to land-line telegraphy 


^ dovetail into each 

^ resultant 

"“e^able and the system may be con¬ 
sidered to be untappable. At the receiving eL a syn¬ 
chronous rotary commutator is used to select the ^o 
sets of signris and distribute them to their appropiSte 
receivers, whi^ must be polarized. approprmte 

tdegraphy developments have 

atSate in terminal 

app^tiM, and (2) improvements in the design and 
constraction of the cables themselves. The 
SJ improvement takes the form of some amplifying 

cable amplifi^ consist of the siphon-recorder 
^gM ynthout the recording siphon. Three 
examples are given m Fig. 4 . 
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Fig. 4 (a) shows the well-known Heurtley hot-wire 
magnifier. The receiving coil controls the movement of 
two fine platinum wires. Adjacent to these are two 
fixed wires, the system being heated by current from a 
local battery. When the relative positions of the 
wires are altered by the movements of the coil, their 
mutual heating effect is modified. The temperature 
and, therefore, the resistance of the wires in one arm of 
the bridge are increased and the bridge balance is upset, 
causing a current to flow in the local recorder. 

Fig, 4 (&) shows an arrangement in which the magni¬ 
fying means is the thermionic valve. The receiving coil 
has two windings, one in the cable circuit as usual 



Fig. 4, 


and the other so mounted that the coupling between 
the two coils is negligible. As the coil system osdllates 
in response to the cable signals, minute electromotive 
forces are induced in the second coil and these operate 
on the grid of the valve in the usual way. This ampli¬ 
fying arrangement is stated to give very good results; 
since the coil has no harness of any kind attached 
to it the response is very rapid and far in excess of what 
is actually needed. It would not, however, be applic¬ 
able to block signals. 

Fig. 4 {c) shows the arrangement of Cox's selenium- 
cell amplifier as used by the Pacific Cable Board. The 
local relay recorder (R) is in a balanced Wlieatstone 
bridge, pf which two* groups of selenium cells form the 
third and fourth arms. By means of the optical arrange¬ 
ment shown, the image of a grating (G) is thrown on 


the two sets of cells. Minute movements of the cable 
receiver-coil cause abrupt variations between light and 
darkness and, in accordance with the well-known 
property of selenium, the conductivity of one bridge 
arm is increased while the other is decreased. An 
inductive shunt is placed across the cable receiver-coils. 
This allows tlie quick-acting portion of the signal elements 
to pass through the coils while the slowly varying part 
or the tail is shunted. The final signals are thus greatly 
improved in definition. This " shaping" is an old, 
well-known feature of cable telegraphy. 

Amplifiers are, however, not an unmixed blessing. 
A long, single-wire conductor is very liable to any distur¬ 
bances which prevail, and making the receiver more 
sensitive seriously increases this liability. Also the 
more sensitive the receiving apparatus, the greater is 
the difficulty in getting a balance which will give satis¬ 
factory duplex or two-way working. We cannot, in 
fact, avail ourselves of all the magnification possibilities 
which lie to our hands. 



Fig. 6. 


A further and more recent development in cable 
technique is the adoption of regenerative repeaters. 
The regenerative repeater is due to the eminent French 
telegraph engineer, the late Emile Baudot, In the 
ordinary form of repeater the incoming signals operate 
a relay which sends out current impulses from a battery 
or other source to the second section of the line. On 
long and difficult circuits this method is defective 
because the arriving signals at the repeater station are 
distorted and the relay there repeats them with further 
distortion, which it adds itself. 

Fig. 5 shows a regenerative repeater inserted between 
two sections of cable and employing the cable form 
of morse code. At the top the letter " 1" is shown as 
received from the cable Lj^. Alternate signal elements 
are diverted to two receiving relays, RR^ and RR^ via the 
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solid ring (SR^) of a rotary commutator or distributor and 
the short segments of ring Rj. These segments are 
shortened so as to pick out the middle portion of each 
received signal element. When a relay has been set by 
a signal impulse it applies current from a battery to the 
second line (Lj) via the segments of ring R» and solid 
ring SRj. 

It will be noted that while one relay is being set the 
other one is transmitting the previously received signal 
impulse. The setting and transmitting cycles of each 
relay do not overlap and good contact is assured before 
a signal is repeated. The rotating brush arm is driven 
at a constat speed, equal in segments per second to 
that at which the originating transmitter sends out the 
signal elements. 

The regenerated signal, restored to its correct shape 
and length, is shown at the bottom of Fig. S. This type 
of repeater has been carried to a high state of develop¬ 
ment by the Western Union Telegraph Co. and is in use 
on this company’s cables. It enables the provincial 
offices to become extensions of the cable, and direct 
communication involving no retransmission is possible 
between Liverpool or other provincial centres and 
New York or Chicago. 

The year 1924 has been marked by the laying of two 
submarine cables which have a speed of transmission, 
measured in letters per minute, far in excess of any 
previous cable. The first has been laid by the Com- 
merci^ Cable Co. between this country and New York 
^d gives a total speed of 1 200 letters per minute— 
600 in each direction—which is nearly twice as much 
M any deep-sea cable in operation at the time of laying. 

o particulars are available of the design, but presum- 
ably an extra heavy copper core has been provided 
and the electrostatic capacity kept down as much as 
possible. 

The second cable is that between New York and the 
Azores, laid by the Western Union Co. This cable is 
loaded on the continuous plan by means of the nickel- 
iron alloy known as “ permalloy," which has a per- 
m^bility about 30 times that of the best Swedish iron. 
The speed obtained is 1 700 letters per minute in one 
six times that ordinarily attained. 
Wntog m 1917, Dr. Malcolm in his book " The Theory 
T®Jegrapli and Telephone Cable" 
said : The possibffities in the future of cable telegraphy 
m Its o\m sphere are as briUiant as are those of wireless 
telegpraphy. Although the difficulties in the way of 
their realization must not be underestimated, none 
appem to be insuperable , . ..there can be but little 
qu^feon timt cable telegraphy is about to enter upon a 
POTod m which all its past achievements will be excelled." 

“ its fulfilment. 

The submarine telephone cable lias quite recently 
undergone a radical change in design, as evidenced by 
toe laymg of toe Anglo-Dutch cable between Domburg 
Aldeburgh (Suffolk) which was completed 

clSl ^ 8® "^“es, and it 

continuously loaded conductors, 
imulat^ with dry paper and lead-covered and armoured. 

®«ccessfuUy accomplished ahd it 
ully “let the conditions laid down in the specification. 

In an edltonal comment the Electrician truly pointed 


.out that the successful completion of this undertaking 
solves one of the principal engineering problems involved 
in the development of an international telephone service, 
which, when established, will play an important part in 
promoting better political and commercial relations 
between Great Britain and continental countries. 

A great deal of experimental work has been con¬ 
ducted in Germany recently on carrier-current tele¬ 
graphy. The German engineers have adopted audio 
frequencies pf the same order with respect to amplitude 
as speech currents in ordinary telephony. Thus it is 
possible to take a pair or pairs in existing telephone 
cables. Repeater stations are of the same type as used 
for telephone purposes. In this way, six separate 
telegraph transmissions of 166 words per minute, say 
1 000 words, over a loaded cable with an of 2*3 have 
been obtained. The sending voltages are approximately 
1 volt and no disturbance is caused to the telephone 
pairs in ^e same cable. Germany appears to be the 
first administration to employ audio-frequency multiple 
telegraphy in loaded cables, and we might prophesy that 
in future, at all events in countries where the distances 
axe comparatively short, the telegraph network will be 
formed of twisted pairs run in telephone cables. 

Radio telegraphy has progressed and is progressing. 

It is still not without its problems, but we cannot sup¬ 
pose that the large band of workers engaged in this * 
branch of the art will be content to stand still. The 
" beamsystem recently announced by Dr. l&arconi 
IS full of possibOities. If it realizes all the expectations 
of Its sponsors, radio telegraphy will once again catch 
up mth the progress recently made in wire telegraphy. 
Radio ^d wire ' channels interlinked will permit of 
international telegraphy and telephony on a scale not 
contemplated hitherto. At no period in the develop¬ 
ment of ^e communication art has progress been so 
rapid as it is to-day. This results from the intensive 
research work earned on continuously by the workers 
m the different fields. 

No paper dealing with this subject should omit a 
reference to the extraordinary development talcing place 
m the replacement of manually operated telephone 
exchanges by maclune-switching methods. It is no 
secret that London is being converted from manual to 
machine operation. The work of installation has already 
commenced and will occupy from 16 to 20 years before it 
IS complete. The transition period has given rise to 
senous problems, which have been satisfactorily solved 
by the Post Office and other engineers who are members 
of tMs Institution. Tokio is about to undergo con¬ 
version, while Buenos Aires has been in dburse of 
conversion for some years. 

To toe younger members I should like to address a 
few remarks: I hope toat I have been able to show 
that communication engineering is interesting. It is 
more than this. It involves just as much engineering 
consideration as toe heavy and, perhaps, more spectacu¬ 
lar branch of our profession. While it has been toe 
subject of good-humoiured contempt in toe past, it is 
mpidly acquiring a standing and dignity to which it is 
tolly entitled. For many years to come it will offer 
to toe young trained engineer an opening for his talents, 
and it IS not without its prizes too. 
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WIRELESS TELEGRAPH VALVE TRANSMITTERS EMPLOYING 
RECTIFIED ALTERNATING CURRENT. 

By G Shearing, B.Sc., Member. 

{Paper received lih August, and read before the Wireless Section Zrd December, 1924.) 


Summary. 

The paper describes the development of some of the valve 
transmitters employing rectified power for naval purposes, 
from December 1918, onwards. The earlier work is briefly 
reviewed and general considerations of design for ship 
conditions are dealt with. 

A description is given of the method of calculation of the 
geometry of the rectifying valve electrodes and of the power 
loss. 

Some of the t 5 rpes of transmitter circuits employed are 
described, also detail circuit improvements for satisfactory 
working. 

Arrangements of valves in series and the use of coupled 
circuits for drying-out wet aerial systems, also separate 
grid-excitation circuit arrangements, are dealt with. 

Experimental circuits for the reduction of harmonic 
interference, also the arrangements adopted for signalling 
by grid potential control, are,discussed. 

Finally, the design of the transmitting valve electrodes 
is dealt with and the question of valve rating is discussed. 
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Introduction. 

This paper deals with some of the valve wireless 
telegraph transmitters and power supply circuits util¬ 
izing rectified current, which have been developed in 
the Experimental Department of H.M. Signal School 
for naval purposes from December 1918, onwards. The 
earlier experimental work, which is briefly reviewed, 
had indicated that the valve transmitter would supersede 
both arc and spark transmitters for naval purposes, 
and this conclusion has since been confirmed by the 
results obtained, in experimental and routine working* 
from valve transmitters installed during and since 
1919 in the Fleet and in Admiralty shore stations. 

Section 1. 

Earlier work, —^The experimental war work * on 
transmitting valves and circuits carried out from 1916 
to 1918 led up to the successful production early in 
1918 of a valve transmitter for continuous-wave trans¬ 
missions which could compete fairly satisfactorily with 
an arc transmitter of 6 kW supply power from d.c. 
mains on the same range of wave-lengths as regards 
received signal strength and distance, and was much 
superior as regards speed of working. This transmitter 
employed one glass transmitting valve, type T4 and, 
later, T4A, of 40(1 watts anode rating. An alternative 
design of increased power, which w&s used in a few. cases, 
employed two T4A valves in parallel. Also, prior to 
these, valve transmitters, of smaller powers had been 
successfully employed in ships. 

The source of h.t. power supply for the T4A valve 
was the spark-telegraphy alternator and single-phase 
transformer, the high-voltage direct current required 
for the anode of the transmitting valve being obtained 
from a two-wave rectifier unit with smoothing condenser. 
No special switching arrangements' were* supplied for 
interrupted continuous wave (I.C.W.) transmissions, but 
the change from continuous waves (C.W.) to I.C.W. 
could be made when required, either by cutting the 
rectifier unit out of circuit or by disconnecting the 
smoothing condenser. 

For small ships and for the second offices of heavy 
ships the usual installations were either (1) a spark 
transmitter supplied from a rotary converter and h.t. 
transformer and an arc transmitter of 5kW d.c. input, 
or (2) the^spark set together with the valve C.W. -trans¬ 
mitter having one T4A valve. In this case the valve 
set received its power via the spark h.t. transformer. 

^ C. L. Fortrscub : Report of the British AssuettUton for the Advancement 
of Science, 1910, and Radio Review, 1919, vol. 1. p. ; B. S. GossLih^; Journal 
l,ES„ 1920, vol. 68, p. 670; G. Stead : JhU,, 1920, vol. 68, p. 107. 

• • 21 
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Two C.W. valve transmitters of increased power, 
emplo 3 ?ing three T4A valves in parallel, were designed 
and built at the Signal School towards the end of 
1918, and were installed at Aberdeen and Ipswich in Janu¬ 
ary and March 1919, respectively. These sets have since 
been in continuous use for routine work; at Aberdeen 
an aerial current of 50 amperes was obtained on a 
wave-length of 3 100 m during the tuning trials in 
January 1919, the aerial capacity being 2*8 jars. 

The results obtained with these sets at shore stations 
and at sea were so satisfactory that a demand arose 
during 1919 for valve transmitters of increased power 
and robustness of design which would not only cover 
the required range of C.W. wavef-lengths but also 
be suitable for I.C.W. transmissions on the spark 
range of wave-lengths. In this way the dual arrange¬ 
ment of spark and C.W. valve, or alternatively spark 
and arc, was replaced by a single-valve transmitter 
capable of working at a greatly increased speed, the 
keying of the circuits being arranged for the Operator 
to listen-through during the intervals of his transmission 
signals. 

General considerations, —^Arising, out of the results 
obtained' with the above sets, the further development 
of medium-power and high-power valve transmitters 
for routine work which was put in hand during 1919 -20 
may be summarized as follows 

(а) Transmitters for Fleet use capable of suppl 3 diig 

power of from 2kW to 10 kW to the aerial 
under normal conditions and occupying the 
minimum possible space for satisfactory routine 
operation in esdstihg wireless telegraph offices; 
and 

(h) Transmitters for shore stations for aerial powers 
up to 30 kW of much more open design. 

In addition, certain transmitters of much higher 
power than (6) have been developed, < * 

In the majority of cases the transmitter has been 
designed to utilize already existing sources df power 
supply. In this respect it has been fortunate that the 
power plant for the old spark-telegraphy transmitters 
was usually suitable for a valve transmitter. The 
change-over from spark to valve has for this reason 
been very economical, bearing in mind the advantages 
obtained from the installation of the valve transmitter. 

The main conditions to be aimed at in the design of 
the valve sets may be enumerated as follows :— 

(1) Reliability of working under seagoing conditions, 

including gunfire. 

(2) Satisfactory operation with the insulation of the 

aerial oscillatory circuit subjected to severely 
wet conditions. 

(3) Robust design of component parts. 

(4) Change of wave-length in short time. 

(б) Simplicity of control apparatus. 

(6) Reasonably efficient working over a very wide 

range of wave-lengths. 

(7) Protection of h.t. power plant and component 

jparts of transmitter from breakdown. 

(8) | Ready access to each component part. 


The total space available has usually been very 
limited in naval ships and it has been difficult to design 
a set capable of accommodation so that the required 
aerial power could be obtained over a wide range of 
wave-lengths without sparking to earth from the oscilla¬ 
tory circuits. The solution was largely assisted by the 
successful introduction of the silica valve during 1920; 
this required less space for the required anode dissipation 
compared with glass transmitting valves. 

The valve transmitters evolved up to 1918 had their 
apparatus mounted on wood panels to which the valves 
and other components w^ere fixed. This method was 
not considered sufficiently robust, and panels of trans¬ 
mitters were developed whose sides were usually 
composed of angle metal with the component parts 
bolted to straps of metal or insulation as required, 
the panel fronts being enclosed with expanded metal 
capable of removal when necessary. Usually these 
panels required subdivision to enable them to be 
readily passed down the hatchwaj^ of ships. This 
system, introduced by Mr. H. Morris-Airey at the end 
of 1918, has facilitated the standardization, transport 
and installation of transmitters in ships in the various 
doclcysurds. 

Section 2. 

The production of h.t, power .—^The majority of the 
C.W.-I.C.W, transmitters use rectified singje-phase 



alternating current employing two-wave rectification as 
in the simple circuit shown in Fig. 1. For high powers 
multiphase rectification is employed. 

The single-phase circuit has been described by Prof. 
C. L. Fortescue, who has deduced formulae ♦ for design 
calculations based on the assumption that the saturation 
current flows through the rectifying valve for the time 
of each period of the a.c. supply when the^anode is 
positive to the filament. 

This assumption was valid for the earlier valve trans¬ 
mitters employing h.t. power supply considerably less 
than the full power output of the alternator and trans¬ 
former and having rectifying-valve filaments of small 
electronic emission. With increase of the aerial power 
requirements it has been found essential to obtain as 
high an efficiency of rectification as possible, as the 
motor-alternators installed were of limited output. 
The rectifying valves have been designed with liberal 
filament emission so that, wiidi normal circuit adjust¬ 
ments corresponding to full power, filament saturation 

♦ Proceedings of the Physical Society, 1919, vol. Sl, p, 819. 
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does not occur. The increase of filament power required, 
usually obtained from an auxiliary motor-alternator, 
has been small in comparison with the gain resulting 
from the increase of rectified power available for the 
transmitter. 

The exact calculation of the efficiency of a rectifier 
unit is complex, as has been pointed out by other writers, 
due to Jdie efiects of the transformer impedance and 
the shape of the anode current/voltage characteristics of 
the valves. Other factors are the ripple on the rectified 
potential and the impedance of the transmitting network. 
The following approximations for a two-wave single¬ 
phase supply have enabled design calculations for the 
valves to be made sufficiently accurately. 

As regards the valve itself, the well-known formula 
for the space current, assuming a filament of infinite 
emission, is 

-m3/2 

= 2‘93 X 10-5--T-Z . . . . (1) 

“a 

where — diameter of anode or plate; 

I =s effective length of anode; and 
V « anode-filament P.D. 

For the case of hard valves, however, it is found in 
practice, for the maximum P.D.'s in use for valve as 
conductor* and with filaments of limited but considerably 
greater emission than the maximum required, that the 
relation between the P.D. and anode current may be 
expressed approximately by:— 

4 ^ when V sia cot (k + v) ^ (2) 

r 

where if = anode current; 

F sin cui = anode potential, assumed sinusoidal; 
k == constant; 

V = filament potential; and 
r — apparent resistance of valve. 

The ripple of the smoothing-condenser voltage is 
strictly dependent on exponential and sinusoidal func¬ 
tions. As, however, the ripple is of small magnitude 
relative to the mean potential, the assumption has 
been made, for calculating the rectifier power loss, that 
the ripple can be represented by straight lines covering 
each period of the a.c, supply. Referring to Figs. 1 
and 2, let:— 

V sin cot = instantaneous transformer line voltage to 
mid-point; 

/== apparent resistance of each rectifying valve; 
if == instantaneous valve current; 

Fq mean rectified voltage; 

0 s=a smoothing condenser capacity; 

J0 = mean current output of condenser; 

B == equivalent load resistance, assumed non- 
inductive ; 

»permissible maximum ripple about mean 
value Fq ; and 
= Ffl - = ^0 + V 

For the instant of minimum condenser voltage, the 

* That is, when the anode potential is positive to that of the dlament. 


current through one rectifying valve is equal to that 
in the transmitting network. 

Hence 

+ . (3, 

Similarly sin a = ^ , (4) 

The current if for the angle cot between the angles 6 
and a 

— F sin cot ^ [k + ^vjjcoi — fi)/(a — ^)] 




ye ocj^ mO ttVcc 
Fig. 2. 


The energy used in the rectifying valves for the time 
between tiie angles 6 and a is 

±£[{ Fsinmt- 
F sin 

---0—sinacos a+sin06osd) 

rcoL 2 ^ 

w nv .-rr /siha—sin0 \ 

-h F()b-h2i)i)(cosa— COS0) -cosaj 

and the rectified energy is 

-|^Fsin cot— 

1 r - /sin a—sin 0 \ 

Ft?i{cos 0—cos a) -|-2Ft;c ^-cos a j 

To deterniine the angles j8 and y for zero current we have 
as an approximation 

7sm/3 = A + «2 -- ^ ejj.+ e~ a ’ ‘ 

s — ^ 

Fsiny = A + + 2®.——‘■2-- . . (9) 

* * w-j-c/ — 
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The energy expended in the rectif)dng valves for the 
times between the angles 6 and y and the angles jS 
and a is approximately 

and the energy supplied from the transformer for these 
times is approximately 




and 


Vj){V sin o)t)do}t 


= 2;^(‘=os 0 - cos y)(F«i + *7 - 72 sin 6) (lOa) 


—(cos ^ - cos a)(7«2 + *7 - 7* sin a) (lOd) 

Summarizing the above we have :_ 

Mean power hss per period in the valves. 

1 PT* 

~ iJrl ^ — sin o cos a -I- sin 5 cos 0) 

+ 7(i! + 2t'j) (cos a — cos Q) 

^sina — sinfl \ 

+ (*®1 + + 2vjVg + |i^)(a — 0) 

+ i{{I^ sin ^ - vj)\e - y) 

+ (7 sin a - * - «2)2(^ _ tt)}J . . (11) 
Mean power rectified. 

(cos 0 — COS a) 

„ /sin a — sin \ 

+ cTT-g- 

— (fajj + *»« + + 2vjVg + iv^)(a — &) 

+ J{(cos 0 - cos y)(7vi + *7 - 72 sin ft 
+ (cos cos a)(7«2 + *7^7* sin a)} ' 

- i{( sm 5 - ft _ vj)2(0 _ y) 

+ (rsina-*-v2)2()3_a)}j . (12) 

^ the ‘terms involving the angles v and S 

which are smaU, then aoa p, 

^ - cos a) 

- (*»1 + % + ^ + 2VjVg + |»2)(a _ ffH 

and -* 

1 rv^ 

^ ct+sin cos ff) 

+ F(*+2uJ{cosa-cosfl)-4:Ft; cl--- sing x 

^ A ^ -<^osaJ 

+{fcVi+fe,+^+2eiV„+^}(a-ftj . . (,^j 


Also, if we equate the quantity delivered to the load 
circuit to that supplied through the rectifying valve, 
we have, assuming no leakage current through the 
smoothing condenser, 


InX 


.. _7(cosg-cosa ) - (*+Vi+tg (a-0) 

T _ “• « , 


(15) 


and the value of the smoothing condenser, if no filter 
circuit is employed, is approximately 


<7 _i{, 


(16) 


sin e . sin . _ + t}. . |1,) 

1 r7® ** 

(ir — 25 + 2 sin 0 cos $) 

+ T(A:+27o)(-2cos5) + (&72+72)(»r-2ftj. . (18) 

^2:«=;;;{^^o(2cosft-(*7„+r2)(7r~2ft} (lo) 

The design of the rectifying-valve electrodes and the 
smoot^ng condenser has usually been based on the 
following available data 

(a) The mean supply voltage and power to the trans¬ 
mitter. 

p) The order of permissible voltage ripple. 

{c) The maximum anode-filament valve P.D. with 
anode positive. 

detennuKJs the efficiency 
of rectification, tor transmitter supplv voltanas of 
10 000 to 12 000 utilizing siUca rectifying valvj with 

liave been so designed 
below that for filament 
sateation for a maximuni P.D. of 3 000 volts with 

volte^M of * is of the order of 300 

volts for valves with molybdenum anodes designed for 
an operatmg power loss up to 6 kW per valve 
. M an exapple.let us take the.case of a valve trans- 
mitter requiring 15 kW of rectified power at a min 

to be of the order of ± 4 per cent and the rnaxininm 
conducting P.D. for the valve 3 000 volts. 

the enable the resistance r of 

ft smoothing condenser 
Sac^ if ® ®®f®«lated with a sufficiently close 

sin5 = (u, + i)/F and 

r = 494ohmto=1^6|^r°“°”'- 

Adopting this value for r, the power loss Tn-iw Ko 

re-calcffiated 

i;ne angles tt and a from Equations /3i and fd.\ 
angles p mid y from EquaSons (sri^ll^K "gi^J 
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d = 54*'42', a = 118“ 4', = 126“. y = 49“ 30' and the 

power loss in the rectifying valves = 3*6 kW (or 1 • 8 kW 
per valve). 

The efficiency of rectification = 15/18*6 = 81 per 
cent. 

The valve filament has to be such that it will give ^ 
space current of (3 000 — 300)/494 = 6*46 amperes with 
the filament well below saturation. 

The curves of Fig. 3 show the results of calculations 
for various anode voltages, assuming a constant maxi¬ 
mum permissible conducting P.D. for the valve. They 


full power supply at a rectified potential of 10 000 volts. 
Similar calculations may be made for other values of 
maximum positive anode-filament P.D.; reducing this 
P.D. corresponds to increased rectifying efficiency. 

The filaments are usually designed fpr 60 per cent 
greater filament emission than the calculated- value. 
Usually the length of the filament is settled upon as a 
first approximation, and the filament diameter can then 
be calculated. The filament length fixes the anode 
length. To estimate the anode diameter it usually 
suffices to calculate the diameter of the vah e anode 



Fig. 3.—Calculated curves for constant rectified power of 16 kW. 


illustrate the increased efficiency to be obtained from 
rectifying at as high a rectified voltage as practicable, 
but in this connection due regard has to be paid to 
the maximum permissible voltage which the valve 
will withstand as an insulator, i.e. when the anode is 
negative'^to the filament. It has been usual to specify 
an acceptance-test P.D. of 40 000 volts with the valve 
as insulator and the anode not heated, but experience 
has shown that for average valves it is inadvisable to 
go beyond 14 000 volts (corresponding to 31 000 volts 
maximum P.D.) if the valves are to be worked at full 
power dissipation for long periods. 

Furthermore, as tlie valve transmitters have to be 
designed for a very large range of wave-lengths it is 
difficult at some wave-lengtlis to avoid the operation 
of the transmitter at aerial circuit adjustments corr^ 
spending to full power supply at lower voltages. For 
this reason the anodes of the valves axe designed for 


whose mean resistance from the space, current equation 
(1) is equal to the required value. 

dv 

From this equation — = — 

d% h 

where h* = 2*93 x 10-® X I X 1*5 

and mean value 

yT" 

~ir ""FTF 

» *^0 

where F' = maximum anode-filament P.D., hence the 
valve anode diameter should not be greater tlian 

hWV' X 

The filament diameter for the filament emission 
required was calculated to be 0*066 cm for an^effective 
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length (loop) of 28 cm.* For an anode of length 14 cm, 
h' = 616 X 10-« F'i == ys 000 = 64-8, . ^ = 494/2 
X 815 X 10-® X 54*8 » 8*3 cm as maximum value. 
A molybdenum anode of these dimensions is sufficiently'’ 
large for the required anode dissipation. A series of 
calculations foir various lengths of filament enables tlie 
most economical anode to be determined. 


The change of power each quarter-period 

= 23-1V2X 27'6-^2 == 1 276 watts. 

The change of energy = 1 276/(4/) joules = 76 *6// 
calories for frequency /. The total length of the 
tungsten filament, allowing for end corrections, is 


Table 1. 


Type 

Anode 

^Molybdenum) 

Static 

bombard- 

Filament 

Rectified power; 

2-wave rectification 

Maximum 

conducting 

P.D. 

Test 

voltage 

between 

electrodes 


Length 

Biam. 

meut 

V 

I 

Power 

Vo 

To 

Power 

NU21 (siUca) 

cm 

‘ 9*5 

cm 

8*0 

kW 

3.0 

volts 

18*6 

amps. 

16*9 

kW 

0*31 

volts 

11000 

1 

amps. 

1*0 

kW 

11 

volts 

3 000 

volts 

40 000 

NU22 (silica) 

14*5 

8*0 

4*6 

1 

' 26*9 

21*7 

0*56 

12 000 

1*6 

18 

3 000 

40 000 

NU23 (siUca) 

30*0 

12*0 

20to 26 

33*0 

61*0 

1*68 

14 000 

3*6 

60 

4 000 

50 000 


The loop form of filament with cylindrical anode has 
been invariably used and, to secure uniformity of electron 
current in the two sides of the loop at any instant for 
alternating-current supply, a small double-wound induc¬ 
tance with mid-point tapping, known as an equalizing 
coil, has been placed across each filament. The 
electron current is taken from this mid-point, the two 
halves of the inductance being wound bifilarly so that 
each has the same inductance. The coils can be placed 


36*8 era, its mass5=2*26g, and its specific heat 
» 0*034. The mean temperature-change 


76*6 

0*034 X 2*26 X/ 


996 deg. C. 
/ 


= 4 deg. C. for/« 260 


Hence for / « 260 there is a temperature variation not 
greater than ±2*0 deg. C. every half-period. 

The effect of unequal currents through individual 
valves of a rectifying syrstem is reduced as much 



immediatley . adjacent to each valve filament, and 
separate filament regulation is permissible. 

An approximate computatibh of the effect of the 
filament supply frequency may be made by assuming 
that the filament temperature follows the energy change 
per quarter period. Let us take as an example the 
above filament requiring 27*6 amperes at 23*1 volts 
at a temperature of 2 480® K. 

p calculations see G. Stead : Jmmil /.JS.E., 1020, vol. 68, 


as practicable by rheostat control, and for quick visual 
indication it has been found convenient to place in 
each line small metal-;filament lamps with resistance 
shunts so that each lamp glows brightly at full power. 

Data relating to the electrodes for standard designs 
of rectifying valves are given in Table 1. 

: Two-wave rectifier unit —Fig. 4 shovfs a typical unit 
for supply power up to 30 kW with smoothing condenser 
and switching arrangements .whereby the anodes of 
the transmitter may be readily supplied with either 
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a steady potential for C.W. transmissions or varying 
potential for I.C.W, transmissions. 

Separate rheostat control is provided for each valve 
filament, which, in addition, is fitted with an equalizing 
coil. The filament supply switch is connected so that 



the smoothing condenser is short-circuited to earth 
when the valve filaments are switched off. The smooth¬ 
ing condenser may consist either of condensers arranged 
in seiicS-parallel as shown, or, for cases where the ripple 
of the supply voltage to the transmitter must be 



I ^ 

Fig. 6.—^Valve current and valve P.D. for rectifying valve 
typeNU22. /= 60. 

negligibly small, a filter circuit of chokes and condensers 
may be employed. 

Horn-break fuses are provided in each line to protect 
the valves and transformer from short-circuiting of 



Fig. 7:—^Two-T?^ave rectification. Resultant rectified current: 
. /«60. 

the smooihing . condenser; these are combined with 
spark-gaps across the transformer. It has been found 
necessary also to insert across each line of the transformer 
secondary two small condensers of the order of one to 
five jars*: capacity with the mid-point earthed as shoym, 


to -avoid high potential-rises which may otherwise 
occur and cause breakdown due to high-frequency 
induction in.the h.t, supply lines. It is naturally very 
important that the high-frequency circuits should be 
as fax away as possible from these lines, but the danger 
of stray induction due to the cramped .conditions under 
which the sets are fitted cannot be entirely avoided. 

A three-way switch has usually been fitted to enable 
a ready change to be made from C.W. to I.C.W'. at 



Fig. 8 .—Open-circuit voltage (R.M.S.) = 6 760 ; / =5 60. 


either the frequency or twice tlie frequency of the 
alternator. For I.C.W. at twice the alternator frequency 
the smoothing condenser is disconnected from the valve 
filaments and earthed. For I.C.W. at the alternator 
frequency one line of the h.t. supply is also broken. 
Retaining the rectifying valves for the I.C.W. trans¬ 
missions enables the change from C.W'. to I.C.W. to 
be made with simple circuit adjustments, but in certain 



cases I.C.W. is obtained by direct connection of the 
transmitter to one of the h.t. lines; which has the dis¬ 
advantage that the transmitting valve is directly 
subjected to the alternating potential. 

Expefimental results ,—^The oscillograms of Figs. 6 to 
11 inclusive have been obtained for valves of type 
NU 22 which approximates to the design dutlined on 
pages 318 to 320, Those taken for a 60-period supply 
enable a voltage/current characteristic of the valve to 
be deduced, and from these and similar curves at in- 


Fig, 10.—Curve of voltage ripple; sxfioothing condenser 
1 ^; Fq = 9 000 volts ; JT^ « 1 *0 ampere; /» goo, ^ ^ ^ 

creased voltages it is found that the valve is well below 
saturation for currents of the order of 5 to 6 amperes. 
The mean characteristic obtained from oscillograms is 
given in Fig. 6. 

In connection with the voltage wave-form/>btained 
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wire with multi-layer turns, and in most cases aerial 
circuit tuning by means of a large, coarse tapping 
coil and a smaller, fine tapping coil has been employed, 
very fine adjustments being obtained by a continuously 
adjustable small copper tube or strip coil. For the 
longer wave-lengths the anode tapping for best operation 
of the valve is usually intermediate between tappings 
on the coarse coil, and to enable best tappings to be 
obtained the coil section has been shunted by a coil 
of. inductance considerably greater than that of the 
section. The anode tapping connection is then made 
to a continuously adjustable contact on this coil, which 
may for convenience be located in the va^ye panels, 
the best adjustment during operation being obtained 
by a switch operated*from the panel front. 


E.M.F. ioMI^, and the anode voltage is approxi¬ 
mately at 90** to /j, neglecting the mutual grid induced 
E.M.F. in the oscillatory circuit coupling coil and the 
P.D. across the anode condenser. 

A difficulty experienced with the early sets when 
continuously changing wave-lengths, was the danger of 
operators transmitting with the grid variable condenser 
adjusted to such a position of increased capacity over 
the correct value that excessive grid cu^ents were set 
up. These excessive currents caused breakdown either 
of the coil or condenser insulation or overheating 
of the grid-leak resistance, since increase of grid 
oscillatory current gives a corresponding increase of 
grid-leak current. 

This danger has been minimized by the simple expedi- 



Grid coupling coil circuits: inductive coupling .—^The 
coils have been mainly of disc construction or partially 
disc and cylinder, the grid coil being usually shunted 
by a variable condenser. For ship sets giving aerial 
powers of the order of 2kW the adjustments which 
have usually been provided are those for varying 
(i) turns of grid circuit coil, (ii) mutual coupling to aerial 
circuit coil, (iii) capacity of variable condenser, or 
(iv) turns of aerial circuit coil. 

The vector diagram of Fig. 18 for the case of the 
circuit of Fig. 1^ illustrates the conditions for proper 
direction of the grid coupling coil, neglecting the effect 
of the grid lealc land vailve circuit and of the anode 
condenser circuit. “The ^d current leads over the 
grid induced E.M.]?. by an angle which approximates 
to 90®. Jhe oscilfaltory current is at 90® to the induced 


ent of placing a resistance in the grid oscillatory circuit. 
Provided its value is not too high) the aerial, anode- 
supply and grid-circuit currents are practically unaltered 
with the condenser in the correct position; ^ on the 
other hand, the maximum value of the grid current ig 
is considerably reduced. When carbon lamps are used, 
or a lamp shunted by a resistance, a visfial indication 
of incorrect dangerous adjustment is afforded. The 
experimentally determined curves of Fig. 19 illustrate 
the effect; the curves corresponding to the use of 
resistance coincide with the corresponding curves for 
no resistance, when the grid condenser, adjustment 
corresponds to minimum anode current. For incorrect 
adjustments corresponding to increased capacity, when 
the value of LC for the grid oscillatory circuit 
approaches that for the oscillatory circuit, the resis- 
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tance reduces the maximum values considerably with 
automatic protection of the grid circuit. 

In the vector diagram shown in Fig. 18 the effect of 
the grid leak and of the valve resistance from grid to 
filament has been neglected. This apparent valve 



The effect of this phase angle ^ is given in the vector 
diagram (Fig. 20). The current iig is the vector sum 
of the currents ig and and the induced E.M.F.. 
coMI^^ is at right angles to the oscillatory current 
For normal anode tapping, the anode tapping voltage 
Fj is approximately at 90® to Ij, and so also is the anode 
condenser current The anode condenser P.D. v, 
when added to Fj, gives the valve anode voltage F^. 
The valve current is and the anode choke current 
For the case of a large value of the angle ^ corre- 
spoiiding to a small value of the effect may be a consider¬ 
able variation from phase opposition for the anode and 



resistance will vary in value with the variation of grid 
potential; it will be a minimum when the grid-filament 
voltage is a maximum and positive. It is of interest 
to note in general the effect of a grid-filament resistance 
of value fj. Referring to Fig. 17, the impedance of 
the grid leak and valve grid-filament circuit in parallel 
with the condenser Og is :— 

. r^cpcz 

^ 1 -h 1 + 

and the phase angle <f> of the current and grid-filament 



voltage, with respect to the voltage across the condenser 
Cg,is 

K 4. JL 

Arc tan 6 = —---tt-s-- 

^ + rx, 

(neglecting the grid-filament capacity, which is usually 
negligibly small). 


grid oscillatory potentials Va and respectively, re¬ 
sulting in a loss of efficiency. This condition may occur 
when a considerable number of valves are being arranged 
in parallel, especiallj’^ for the case of a common grid-leak 




resistance and capacity; in this case separate grid 
leaks are., usually better for efficient working. To a 
certam degree this de-phasing may be avoided by 
re-adjustment of the grid tuning condenser (7^; if a resis¬ 
tance Tg is present, in which case the increase of the 
current with increase of the condenser Og gives an 
increased resistance P.D. ixgtg and so brings more 
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nearly in phase "with This has the effect that 

^ approximates more closely to phase opposition with 
^1^1- There is, however, a limiting condition beyond 
which this effect cannot be utilized. 

As regards the actual value of the grid-filament 
resistance, this is such that the grid-filament current in 
practice is closely proportional to for positive values 
of Vg, i.e. the resistance is proportional to 1 jVg, Provided 
that the grid-filament current when the grid is positive 
is not too large in comparison with ig, the grid-filament 
oscillatory potential will closely follow a sinusoidal 


case of a large number of valves in parallel,, with resulting 
low impedance. 

The cramped space available for grid coils caused a 
change to be made from cylindrical to disc coils. The 
grid coil had to be designed with tappings for a wide 
range of wave-lengths, and it was necessary to short- 
circuit the remaining turns when less than the total 
number were in use, in order to reduce the maximum 
coil potential and so avoid sparking; with the use of 
added resistance in the grid condenser circuit the 
danger of burning out the remaining turns was avoided. 



wave-form. For cases where this grid current is exces¬ 
sive, due to incorrect adjustments of the grid circuit, 
the effect may be to reduce the amplitude of the positive 
loop of grid potential. 

For the case of a very low anode tapping, the ratio 
inductance/resistance for the inductance between anode 
tapping.and earth may decrease considerably ; this may 
cause a phase displacement of current 4 relative to 
the anode tapping voltage Fj, with resulting loss of 
efficiency. Ustially, however, the best anode tapping 
for maximum oscillatory current is reached with a 
higher tapping than that at which this de-phasing occurs, 
due to the limitation imposed by impedance of the 
transimtting valves, but de-phasing may occur in the 


For ship transmitters giving increased aerial powers 
of from 7 to 10 kW it has been essential for minimum 
adjustments over a wide range of wave-lengths to work 
with coils with no space adjustment, and it was found 
that if single coils were extended to meet the case, 
excess voltages and currents were induced in the 
remaining turns when short-circuited; also on* certain 
wave-lengths the oscillatory current was unstable. 

Ihis effect is liable to occur on the shorter wave¬ 
lengths, as may be seen from the vector diagram shown 
in Fig. 23 (6) for the circuit indicated in Fig. 23 (a). 
For the current vectors and iig the induced E.M.F. 
in Lj will be the vector sum of the E.M.F.'s (amiig and 
i.e. en, the current 4 will be at 90® to the E.M.F; 
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e£i- The induced E.M.F. in Lg wll be the resultant 
of and and this value may become very 

small, with resulting instability of the aerial oscillatorv 
current. ^ 

The use of multiple-disc coils together with an external 
inductance has overcome the difficulfy. The former 
are placed symmetrically on each side of the aerial coup¬ 
ling coil ^s shown in Fig. 22, and the remaining turns 
are closed through the external inductance L„ of suit¬ 
able v^ue. This reduces the mutual induced E.M.F. 
mmiig in the inductance due to reduction of mutual 
couphng. Further, the current is reduced in value by 
the additional inductanceig which constitutes a compro¬ 
mise between open-circuit and short-circuit conditions, 
with corresponding reductibn. of the-mutual E.M.f! 

In this way instability of operation on tte 
shorter wave-lengths has been avoided and coils of 
this arrangement have been designed for a range of 
wavelengths from 450 to 6 000 m. The use of discs 
of different diameters enables the connections to be 
made readily with no danger of sparldng to adjacent 
turns at higher potentials. 

The curves of Fig. 19 show that the variable grid 
condenser makes only partial use of the resonating 
properties of the grid circuit, as tlie pha.se angle is not 
^ removed from 90“ for the grid potential oscillations. 
Fig. 21 indicates how the correct phase conditions are 
obtemed by the use of a grid oscillatory circuit which 
is m resonance with the aerial. The induced E.M.F. 
in coil A from the oscillatory circuit constitutes a supply 
to tte circuit OL which is in parallel resonance with the 
oscillatory circuit, while the grid circuit is inductively 
coupled to the inductance L of this circuit. It is possible 
to operate such a circuit over a wide range of wave¬ 
lengths by adjusting the LO values of this circuit alone, 
rms circuit can also be calibrated as a wavemeter, 
using a low-voltege lamp as indicator. Further, the 
r^onating circuit can be readily modulated for radio 
telephonx by grid potential control. 

As regards the grid leaks used wifli these trans¬ 
mitters, experience has shown that for valves in parallel 
a separate grid leak for each valve is preferable. With 
the use of a grid leak common to a number of valves 
there is danger of short-wave oscillatory currents circu¬ 
lating m the valve inter-electrode capacities and the 
wires joining the grids to the grid leak. In certain 
cases the mternal leads for grid and anode of the valve 
have been known to become red-hot due to circulating 
currents of very short wave-length, although this effect 
avoided by the insertion of resistance in the 
^d lea^ as shown, for example, in the multiphase 
circuit of Fig. 16. ' 

Senes arrangements.— efficiencv results from 
operating the valves, both transmitting aiid rectifying, 

at maximum anode voltage. This voltage is limit^ 

to the .value, m practice, above which tliere is a danger 
of blue glow occurring in the valves 
During the period 1918-19 jn the naval service the 
^imuni anode supply voltage for average glass 

^ anode dissipation 
of 500 to 800 watts per valve, was of the order of 7 000 
to 8 OOD volts. 

In order to obtain increased power at these lower 


voltages it was necessary to employ a large number of 
valves in parallel with rectifiers designed for low internal 
resistance and high filament emission. Whilst the ex¬ 
perimental design of larger valves suitable for higher 
volt^es was being pushed forw'ard it was obvious that 
considerable time would elapse before such valves would 
be available in quantities, and another factor for con¬ 
sideration was the existing h.t. transformer plant which 
in many cases gave normally secondary Voltages to 
earth of from 16 000 to 20 000 volts. 

Experimental trials of valves in series were made 
during 1919 as shown in Fig. l.S, the filament system 
of the upper valve being at a high-frequency potential 
to earth. With tlij^' arrangement it was found possible 
to operate at a supply voltage approximating to twice 
the safe value for a single valve, witli the valve anodes 
at normal full-power dissipation. If we consider ihe 
case of valves in parallel, it is necessary, as the number 
in partial is increased, to lower the anode tapping 
pomt in consequence of the reduction of valve effec¬ 
tive impedance. Witli decrease of the inductance 
between anode tapping and earth to a smaU value, and 
depending on tte aerial resistance, there may be a 
decrease of efficiency for the best aerial current position. 
Referring to Fig. 17, this is due to the anode con¬ 
denser current becoming displaced from a phase angle 
approximating to 90® to the oscillatory current In and 
so resulting in an increase of the value of and 
therefore of the valve current ^ (with increased valve 
heating) relative to the current /j. For such a condi¬ 
tion it is advantageous to operate with valves in series 
employing a higher anode voltage and higher anode 
tapping. The normal advantage of the series system 
as regards efficiency is obtained, however, when the 
anode supply voltage is greater than that which can 
be applied with safety to a single valve. A further 
advantage is the reduction in the rectified current for 
a given rectified power, with resulting increase of rectifier 
efficiency. 

The arrangement has proved to be very stable in 
operation, and no direct short-circuit to earth is caused 
in the event of failure of one valve, as is tlie case with 
valves in parallel. I'or the case of valves with open 
grids ^e insulated grids of the upper valves prevent 
excessive valve current if, for any.reason’ failure of the 
aerial oscillatory current occurs, 

A typical circuit diagram for such a set is given in 
Fig, 24. The filaments for the upper bank of valves 
are supplied from a transformer .with-. oiTinf^ulation 
which can be designed readily for high-frequency 
voltages between primary and secondary windings and 
have small capacity between windings. Thegrid coupling 
coil for the upper bank of valves has to be insulated 
from its aerial circuit cpupling-coil for the high-frequency 
voltage ^ across the lower bank. Separate filament 
rheostatic control enables equal division of the voltage 
across the valves to be obtained. 

A number of sets of this t5qDe were designed early 
in 1920 for use with transformer plant already installed, 
and one set employing sfac silica valves (three valves in 
each bank with tv;o banks in series) has bi&en in use at 
Horsea for routine and experimental work since Mav 
1920. • ^ 
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Coupled circuits .—^The small space available ia ships 
for the transmitter has necessitated the emplo3nnent 
largely of plain aerial circuits for normal full-power 
transmissions. Pro^dsion has been made, however, for 
the introduction of a steadying circuit for drying-out 
if for any reason the aerial insulation is liable to short- 
circuit by salt water or spray. For wave-lengths below 
600 m there is usually no difficulty in starting up under 
wet conditions. A coupled circuit is usually employed, 



however, on these shorter wave-lengths to obtain the 
necessary constancy of wave-length for the highly 
selective valve transmissions. 

In many cases use has been made of a resistance- 
coupled circuit; Alternatively, the more usual electro¬ 
magnetic coupling has been employed. To enable 
the change from plain to coupled. circuit on the same 
wave-length to be readily made when required, s%vitching 



ajrangements may be employed as shown in detail in 
Fig. 26. With the contacts of switch X closed, the 
norm^ osciUatory circuit is in use, and with the contacts 
of switch Y closed, the aerial circuit is resistance-coupled 
to a local circuit which is so adjusted that the wave-length 
teansmitted is practically the same in the two cases. 
This is effected by arranging for the introduction into 
the aenal circuit of the inductance of value equal to 
the sum of and transferred to the local circuit 
when tlSe switch Y is closed. 


The resistance employed for drying-out is that value 
for maximum product of local current and resistance 
with aerial earthed. The effectiveness of the drying 
increases rapidly with decrease of wave-length. 

An alternative circuit which has been employed in 
certain cases for C.W. transmissions is shown in 
Fig. 26, in which the anode circuit together with 
the smoothing condenser (7, and inductance is tuned 
to ^e value of the aerial LC. The anode condenser 
is of small value and' has a high-freciuency P.D. 
which approximates to twice the value of the P.D. 
between anode tapping point B and earth; as a result, 
the valve anode potential oscillations are in phase 
opposition to the anode tapping P.D., and the grid 
coupling coil has to be reversed in direction by means of 
the switch S if, as in Fig. 26, the circuit is changed 
from the plain aerial circuit CL for normal transmis¬ 
sions to the tuned anode circuit for drying-out 
by means of the change-over switch T. Exact tuning of 
this circuit can be readily pro\dded for by placing in the 
earth lead of the smoothing condenser C7, a fine-adjust¬ 
ment inductance of small value. The step-up current 
ratio can be of the order of 6: 1 or 7: 1 so that the 
size of the anode • inductance and condenser is rela¬ 
tively small; the space occupied for a given powder 

Y 



. Fig. 27. 


is considerably less than for tlie coupled (Circuits of 
Fig. 26. 

Separate grid excitation .—Circuits employing separate 
grid excitation have been developed for use "with 
medium-power and high-power valve transmitters. 
It has been usual to connect the grids of the main 
transmitting valves directly to the local oscillatory 
circuit, as shown in Fig,. 27. For best operation 
at varying power it is desirable to arrange for propor¬ 
tionality between the grid exciting current and the 
main-supply anode voltage, having once adjusted the 
grid voltage to give best efficiency for a given anode 
voltage. A rectified a.c, supply for C.W. transmission 
can be arranged by supplying the exciter-from a small 
transformer the primary of which is connected in 
parallel with the main transformer. 

Comparative experiments have usually given a higher 
efficiency for this circuit than for the retroactive circuit, 
^suming proper adjustment of the grid exciting voltage. 
The fact that the grid is initially excited also renders 
the circuit more stable in operation, especially for the 
case of a low anode tapping, and the circuit has been 
found .slightly more effective than the retroactive 
circuit for starting-up aerial oscillatory current when 
the aerial insulation is partially short-circuited by 
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moisture. The superiority of this circuit as regards 
constancy of wave-length is shown by the experimentally 
determined curves of Fig. 28, which also illustrate the 
rapid fall in oscillatory current with change of aerial 
tuning. For the case of ships* aerials, variations in 
wave-length of the order of 0-4 to 0-6 per cent have 
been observed with retroactive coupling during rough 
weather* conditions for wave-lengths of the order of 
2 000 m. From the curves it will be seen that these 
variations correspond to a reduction of aerial current 
by 30 per cent of its best value for the separately 
excited grid circuit, but for reception the change of 
intensity of received note arising from this is preferable 



to the alternative of change of note with retroactive 
coupling. 

The power supplied to the local oscillator circuit 
must be such that it will readily supply the power 
requireef to set up the necessary grid oscillatory voltage 
without instability of the local oscillatory current for 
any supply voltage to the main transmitter. The local 
circuit must also be so screened from, or at such a dis¬ 
tance from, the main oscillatory circuit that there is 
no mutual inductive coupling. In addition, idle tap¬ 
ping of the local circuit inductance at which the grid 
tapping point for the main valve is made must be 
such that there is no tendency for the main trans¬ 
mitter to set up oscillatory current by virtue of the 
valve capacity from anode to grid and the inductance 
iiom grid to filament of the local circuit, otherwise 
variations pf wave-length vriU occur with change of 


the aerial capacity or inductance. This adjustment 
can be determined by trial for a given wave-length, 
or, alternatively, an additional resistance of small value 
may be used in the lead from grid to grid leak to mini 
mize this effect. The best results have been obtained 
in practice by so arranging the grid tapping and 
adjusting the local circuit current that the inductance 
in use for suitable grid oscillatory voltage is from 
one-quarter to one-fifth of the local circuit inductance. 

As the only adjustments required for the local circuit 
of Fig. 27 are those of the oscillatory circuit inductance 
or capacity, the whole circuit can be readily adjusted 
to any required wave-length. The space required for 
the arrangement is not very much greater than that 
for the ordinary retroactive circuit. 

Overload protection of valves .—^The supply circuits to 
the rectifier units have been protected from possible 
breakdown of circuit insulation by the use of hom-break 
fuses, and a simple form of overload relay with two coil 
windings has been fitted in the valve-current circuit 
for the transmitting valves and designed to operate 
if, for any reason, ihe anode current is recessive. The 
relay contacts short-circuit the bobbin for the main 
filament switch and so switch off all the valve filaments ; 
at the same time, or slightly earlier, the d.c. supply 
circuit is completed through the other relay coil in 
series with a danger lamp. Thus the series lamp in 
the operating cabinet for the main filament switch 
bobbin lights up brightly to warn the operator, and at 
the same time the danger lamp on the set lights up. 
To reset the relay, all that is necessary is for the operator 
to break and then remake his d.c. control switch in the 
cabinet. Adjustment of the relay for any required 
operating current is provided by an adjustable resistance 
in paraUel with the operating bobbin, which also has 
a condenser in parallel for the a.c. component of the 
unidirectional valve current. A relay of this t3q)e is 
shown at R, Fig. 24, arranged to operate in the case of 
excess current to the transmitting valves. 

Alternatively, the relay contacts may be arranged 
to break either the primary a.c. supply for the trans¬ 
former or the motor-alternator supply if desired, but 
in practice no difficulty has occurred when using the 
convenient arrangement of filament control, as the 
rectifying valves easily withstand the h.t. line voltage 
when the valve filaments are cold. 

deduction of harmonic interference.—The main inter¬ 
ference caused is directly due to the valve transmitter 
itself, although interference is to some extent caused 
by the aerial circuit having distributed capacity and 
inductance. The valve interference is due to ^e 
non-sinusoidal wave-form of the current pulses which 
circulate in the oscillatory circuit via the anode condenser; 
more especially is this the case when the valves are 
operated at high efficiency with their grids at a 
considerable mean negative potential. 

The principal methods which have been employed 
experimentally are (^^) the introduction of specif 
circuits in the anode tapping circuit to act as harmonic 
filters, ih) the use of special circuits (either acceptor or 
rejector in type) in the aerial circuit, and (^) the use of 
intermediate circuits coupled to idle aerial. 

In the case of methods {b) and (c), condeifeers and 
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inductances are required suf&cient to carry for (b) the 
aerial oscillatory current and, for (c), currents which 
may be equal to or greater than the aerial current. 
These inductances are naturally expensive and occupy 
considerable space. 


connections, were added tuned to particular harmonics, 
another harmonic was reinforced for the same reason. 

The insertion of a resistance r betu'eeii the anotje 
tapping point and the filter circuits of a value such that 
the capacity of the rejector or shunt circuit when 
combined with the aeri^ inductance formed with the 
resistance r an aperiodic circuit, i.e. was 




^SnnroiW' •—IF 




'mmm^ 


Fig. 29. 



Experiments were made during 1920 with method 
{cC), using a series inductance between the anode 
condenser and anode tapping point to form a circuit 
from the valve anode tuned to the aerial LO as in Fig. 29, 



so that minimum impedance is offered to the fundamental 
component of the anode condenser current. These ex¬ 
periments indicated, however, that whilst considerable 
reduction of the aggregate harmonic power was possible, 



found to avoid the above harmonic reinforcement, and 
the arrangement found most satisfactory is given in 
Fig. 31. There is now a power loss in the resistance, 
but the pulsating current is small relative to the aerial 
current and it is possible to choose* the rejector circuit 
capacity such that the value for r constitutes a loss of 
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a certain harmonic, possibly irregular (depending on the 
value of the series inductance), was reinforced. If a 
fejector circuit was added, as in Fig. 30, apaxticular 
hainnonic wa:s reinforced, depending usually on the LC 
product of the rejector capacity and the aerial inductance 
from anode tapping to earth. Similarly it was found 
that if shunt circuits, such as indicated by dotted 


the order of 6 per cent or less of the total oscillatory 
power. Provided that the circuit is highly 

efficient, its power absorption will be small. 

The largest reduction has been obtained for harmonics 
above the 6th, and the reduction obtained has been 
small for the 2nd and 3rd especially. Fig. 33 indicates 
typical results obtained for the circuit of Fig. 31 by 
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direct measurement of the harmonics by the use of a 
wave-meter. For the 2nd and 3rd harmonics a greater 
reduction has been obtained using the ordinary coupled 
circuit, and the best results have been obtained by 
combining the filter circuit of Fig. 31 with either an 
intermediate coupled circuit (inductively coupled as in 
Fig. 32 or, alternatively, employing capacity coupling), 
or with a double-acting type of circuit in which the 
even harmonics are reduced by being set up in phase 



opposition for the two halves of each high-frequency 
period, as in Fig. 34. In addition, the valves must be 
operated at the minimum negative potential consistent 
with gdbd efficiency. 

Signalling afrangements.—'Fox sets handling powers 
of the order of 20 to 30 kW and operated at hand speeds, 
primary-supply circuit control has been employed. For 
higher powers cither h.t. keys in the transformer 



lines or anode supply, or grid potential control, have 
been employed. For the case of valves with separate 
grid leaks, it has been usual to employ a key in the 
common grid-filament lead operating across a resistance 
and condenser as in Fig. 35, a suitable negative 
potential being obtained from the condenser 0^ which 
is charged from a small rectifier unit as shown; this 
!has been applied to control aerial powers of the order 
of 30 to '40 kW at speeds up to 160 words per minute, 
the aerial current being reduced to zero, or nearly so, 

VoL. 63. . • 


depending on the value of the negative potential 
introduc^ across the resistance. 

The resistance and condenser have such values 
that initial shutting down of the oscillatory current 
occurs when the contact B of the key is opened, and 
with suitable adjustment of the negative potential 
across condenser it is possible to work with very 
little sparking at the contacts A and B. 

Other methods utilizing a 3-electrode valve as g^d 
leak and signalling by the introduction of a negative 
potential from grid to filament of tliis valve have also 
been employed.As listening-through is practically 
universal for all naval valve sets, methods of signalling 
by marking and spacing waves are not usually employed 
except in experimental cases. In the case of signalling 
by grid potential control, the rectifying valves have 
to withstand the full no-load potential of the a.c. supply; 
on the other hand, with primary circuit signalling there 
are intermittent electrostatic forces on the electrode 
system and care has to be taken that no mechanical 
resonance effects are set up, especially on the filament. 

Design of transmitting valve electrodes ,—^The following 
method has been used for estimating the main dimensions 
of the electrode system when the grid is run at a con¬ 
siderable mean negative potential. 



Consider the case of the circuit of Fig. 17 and assume 
that the anode oscillatory potential is sinusoidal, as 

indicated in Fig. 36. 

« 

Let Fft — amplitude of anode oscillatory potential; 

V = supply d.c. voltage; 

W = d.c. power supply (Z = Pf/F) ; 

Vg = maximum grid positive potential. 

The valve has to carr^^ maximum current for the 

anode-filament P.B. of F — F^j. . 

The quantity through the valve per period of time 

T is n\ 

This quantity passes through the valve for a fraction 
of the period considerably less than As regards 
the wave-form of the valve current, since the anode 
potential is decreasing with increase of grid potential 
the resultant tendency is to maintain fairly constant 
anode current for the major portion of the time 
when the grid potential is positive. In addition, as 
already pointed out, the tendency of the grid-filament 
current is to limit the amplitude of the positive loop 

s als 
out 
use 
by 

22 * 


* The use of a valve as grid leak for signallmg ha 
the Royal Aircraft Establishment. Famborough, witt 
potential, the oscillatory current being set up by the 
to filament of the grid-leak valve. Also sec paper 


,o been developed by 
the use of a negative 
of a key Joining grid 
Lleut.-CoL A. G. T, 
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of potential. For these reasons a rectangular wave¬ 
form of valve current for the fmgle d corresponding to 
the time for which current flows is a fair approximation. 
The value of the angle 6 will depend on the grid circuit 
and for the case of the circuits in use of the inductive 
coupling or separate excitation type it is usually of the 
order of to 

The valve current = 27rJ/fl. 

The valve energy loss per period 


= iV + VaSma)da 

2 sin 

'~d~) 


IVT ^1 


The efficiency' 


V'a 2sinJ^ 

V • e 


The energy given to the oscillatory circuit 


As an example, assume the following:— 

Supply povrer = 30 kW at 12 000 volts; 0 = Jtt and 
V -Va-^ 0-2 volt. 

2/\/2 

The efficiency = 0 • 8 x —=— 71 per cent. 

iTT 

The supply current I = 30/12 =» 2*6 amperes. 

The valve current = 2*6 X — = 10 amperes. 

i‘rr 


The valve filament must be designed for this emission, 
also, in addition, to carry the superimposed electron 
current without excessive filament heating, and supply 
the grid-filament current during the positive grid oscil¬ 
latory period. 

It is usual to design the filament for 50 per cent 
greater emission current than the above value at a 
temperature between 2 460® and 2 600® K., i.e. tharequired 
electron cunrent == 15 amperes. 

The maximum grid oscillatory voltage should be less 
than the anode-filament voltage for maximum valve 
current; its value will be assumed to be about 1 600 
volts, and a moderately close grid will be assumed of 

m = 200 . 

The valve grid diameter d' must be such that 


= 2-93 X 10-8 X + 

w+1 J 

(where If = effective length of fflament) 
= 2-93 X 10—8 X^(F,)*/*as an approximation. 
Also, for the anode diameter relative to the filament, 
4 = 2-93 X 10-8 X (7 - V'a)^IHfld„ 

„ da /2 400\8/2 


If for a loop filament (where If = effective axial length 
of loop!, the value of d' is, for mechanical reasons, 5 cm. 

Then the anode diameter should be not greater than 
6 X 2*03 (say 10 cm). For this diameter 


X 10® X 10 
2*93 X (2 400)3/2 


=: 29 cm 


The anode will have an area of 10 x tt x 29 910 cm. 

The anode power dissipation is 30 x 0 • 29 — 8 • 7 kW 
and this area of anode (if of molybdenum) is ample 
for the power dissipation required during static bom¬ 
bardment. The case of the valve being operated at 
full power at reduced supply voltage and efficiency will 
also be covered, e.g. if the valve is operated at 10 OOO 
volts, and efficiency say 60 per cent, the anode dissipa¬ 
tion is 12 kW. 

If such a valve is bombarded during exhaustion to,, 
say, about 70 to 100 per cent greater power than the 
maximum dissipation power, i.e. say 20 to 24 kW, tliia 
will provide a reasonable factor of safety for normal 
use at anode potentials up to 12 000 volts. In this, 
connection it is desirable to specify a reasonable * time 
of bombardment at full power, as in certain cases, 
valves which are bombarded for a short time sometimes, 
fail after continued use at full power, probably due to 
continued heating of the cooler parts of the valve. 

Valve rating ,—Reference to the above indicates that 
the geometry of the valve has a higher degree of 
importance than the anode power rating. This has. 
been already pointed out by other writers.* For the 
valve manufacturer it is essential to specify a given 
anode power for static bombardment of the valve, and 
acceptance tests, but this may not necessarily represent 
the safe anode power dissipation for oscillatory conditions 
in wliich other limits are :— 


(1) Maximum permissible oscillatory voltage between 

(a) anode and filament, (6) anode and grid, and 
(c) grid and filament. 

(2) Maximum possible current through the valve at 

the specified minimum anode-filament voltage, 
, without filament saturation. This depends on 
the geometry of the electrodes as well as on 
the filament. 

For these reasons it is usual to specify the valve as 
capable of handling so much supply power at a given 
efficiency and to specify to the valve manufacturer a 
bombardment power giving a reasonable factor of 
safety; for example, for the case of a valve the anode 
of which is to be bombarded to 30 kW during exhaustion, 
if we allow 60 per cent as the minimum operating 
efficiency, the oscillatory rating of the valve for a 
factor of safety of 2 would correspond to a supply 
power of 37*6kW and an aerial power of 22-5kW. 
Efficiencies of the order of 60 to 70 per cent are readily 
obtained in practice, but higher efficiencies obtained by 
increasing the grid negative potential may result in a 
considerable increase of harmonics. 

Size of valve units for a given output —^With increase 
of the power output from a transmitter there has been 
progressive increase in the size of the valve unit to 


^B. S. Gosstmo: Jdumal 1920, vol, 58, p. 676. 


■ lacc, 4ur uisionce, JO,, n, OHAUGRNESSV: 

Journal 1924, vol. 62, p. 61. 
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avoid complexities of circuit connections which would 
otherwise be necessitated by the employment of a large 
number of valves in parallel. 

The larger unit also results in the saving of space with 
improved operation efficiency. It has been usual to 
employ not more than three valves in parallel for 
aerial powers up to 60 kW, these valves being capable 
of handling a supply power of 90 kW, and, for 


for supply powers of 6 kW, 9 kW and 20 kW. More 
recently, single valves have been designed for supply 
powers of 30 kW and 60 kW at an anode supply of 
12 000 volts. For supply powers up to 30 kW the 
valve seals and envelopes have been cooled by air 
ventilation, but for these or higher powers water cooling 
may be employed. Table 2 gives some of the main 
electrode dimensions of standard types of valves. 


Table 2. 


Transmitting Valves. 



Filament 

i 

Grid 

Anode 

Supply 

Aerial 

power 

Static 

bomb^ment 

duriu^ 

exhaustion 

Valve 

Voltage 

Current 

Power 

Diameter 

Calculated 

dva 

Diameter 

Length 

Voltage 

Ounent 

Power 

NT23 .. 

volts 

160 

amps. 

14‘3 

kW 

0-23 

cm 

2-76 

24 

cm 

7-0 

cm 

8-76 

volts 

9 000 

amps. 

0-7 

kW 

6*3 

kW 

4.4 

kW 

3*0 

NT24 .. 

17.-5 

29-0 

0-61 

3*0 

210 

8.0 

12-0 

10 000 

1-0 

lO’O 

7-1 

4-5 

NT22 ’ .. 

29-6 

60-0 

1-47 

6-0 

410 

12-5 

27-5 

12 000 

2-6 

31-0 

21.0 

20 to 25 
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Adviser, H.M. Signal School. He also desires to 
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members of the Signal School staff in the experi¬ 
mental work, particularly of Mr. E. J. Grainger, M.Sc., 
Mr. C. Matthews, Mr, H. R. Cantelo, B.Sc., and 
Mr. J. E. Sheldrick, B.Sc. 


still higher powers, arrangements of six valves m 
series-ppxallel (three valves in each bank with two 
banks in series) are being employed. The use of the 
larger unit for these various groupings avoids excessive 
complexity of valve connections, and, in the event of 
failure of a valve, there is usually a sufficient reserve 
of power to tide over the emergency. 

To meet these requirements the silica valve* was 
developed during 1919-1920 in three main sizes, namely 

* Desctibed by H. Morrxs-Airby in a paper read before the Wireless Section, 


Discussion before the Wireless Section, 3 December, 1924. 


Professor G. L.JFortescue : Having been intimately 
connected with the early work forming the basis of the 
developments described in this paper, it is interesting 
to me to look back and to see how the many difficulties 
have been overcome. It has been mainly a matter of 
increasing the size of the valves used, combined with 
careful detail improvements. The increased power has 
enabled the difficulties arising from what the author 
naively describes as “ severely wet conditions ** to be 
overcome without risk of damage to the valves, which 
was perhaps the most serious obstacle encountered in 
the early da 3 rs. With regard to the method of calculating 
the performance of the rectifier, this can be done from 
the 3 / 2 -power law for unsaturated filaments by a method 
which seems quite as accurate as that adopted by the 
author. The general results are the same as for the 
case of the saturated filament, but the efficiency is 
higher in a properly designed valve, as was well known 
in 1918. With regard to Fig. 19, the protection offered 
by the addition of 180 ohms in the grid circuit seems to 
be scarcely as much as the author suggests. It appears, 
in fact, to make the conditions somevrhat worse and 
* 


renders protective devices still more necessary. The 
six-phase method of working shown in Fig. 16 gives 
good results when properly adjusted, and the ampli^de 
of the resulting oscillation is as constant as that given 
by most sets employing two-way rectifying units and 
a single-phase supply. The author's method of calculat¬ 
ing the performance of the oscillating valve from the 
curves of Fig. 36 is only very approximate. Many 
working conditions differ widely from this and results 
calculated in this way may be quite misleading unless 
based directly on closely similar experimental observa¬ 
tions. Finally, the author’s claim that the rating of 
the valve is less important than the electrode design 
is one which requires careful consideration. Ip. practice 
the efficiency must be limited by the harmonics gene¬ 
rated and, unless the valve can safely dissipate the losses, 
failure is inevitable. With regard to the elecbrodes, 
however, considerable variation can be compensated for 
by circuit adjustment, and consequently some latitude 
can be allowed to manufacturers. 

Mr. If- Grinstead : In connection with the data 
concerning rectifying valves I should like to drafiW atten- 
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tion to the three items which the author gives as deter’ 
mining the design of the valve. Whilst items (a) and 
(6) are perfectly clear, the definition of (c) is rather 
vague. The author states " the maximum anode- 
filament valve P.D. with anode positive." Can he give 
any reason why the particular figure of 3 000 has been 
chosen, and what limits there are in practice within 
which one can depart from that value ? Could that 
figure be greatly varied in the case of a valve worked 
over the saturation bend? The circuit arrangement 
shown in Fig. 24 is an interesting type of circuit design 
used in the Signal School which employs valves in series, 
and it is remarkable to me that it has been possible to 
obtain a filament transformer dealing with a fair amount 
of power which can be placed in the circuit, since this 
has to withstand not only half the high-tension voltage 
to earth, but also practically half the radio-frequency 
potential. The author gives some interesting informa¬ 
tion about separate grid excitation. Can he give some 
idea of the size of the valve which feeds the grid circuit 
of the main valves supplying the aerial ? Is there any 
definite relationship between the rating of this to the 
main valves, and how much latitude is there in this 
respect ? I am inclined to agree with Prof. Fortescue 
that the actual design of the valves, provided it is 
scientific, can be varied over very wide ranges. The 
question of the grid design, of course, does enter to some 
extent into the two conditions given in limit No. (2). 
During oscillation the anode voltage is actually a mini¬ 
mum, when the anode current is a maximum, and if the 
grid is too " close " it will be impossible to pass the 
necessary current to maintain the output. At the end 
of the paper the author gives some interesting data in 
regard to the large silica valves which are now made. 
At present the largest commercial valve is of the order 
of 30 kW input, and it would be interesting to know the 
probable limiting size. 

Mr. R, V. Hansford: My very mild criticism is 
tlmt I do not think the author has made sufficient 
distinction between experimental work and practice; 
that is, the paper gives a record of experiments made 
with circuits and apparatus, but we are not sure which 
have been adopted and become the standard practice 
of the Admiralty. The paper would have been even 
more interesting if the author had drawn further on 'his 
practical experience and given us some idea of the 
relative advantages of the various circuits. As examples 
I should like to refer to the two important questions of 
pid excitation and harmonic interference. Experience 
in the Post Office indicates that the method of 
septate grid excitation is much better than self- 
excitation for medium-power and high-power trans- 
naitters. It brings with it the great advantage of 
constancy of frequency to which the author refers, 
but also the disadvantages that variation in the 
aerial not only reduces the aerial current but may 
produce undue voltage strains on the valves them¬ 
selves on account of the variation in the impedance 
of the associated circuits if a sufficient factor of safety 
is not provided. (Incidentally the text does not seem 
to be quite in accord with Fig. 28, Does a variation of 
0*4 per cent of aerial capacity really reduce the aerial 
current 30 per cent of its normal value ?) Is it now 


the normal Admiralty practice to design a set of medium 
power with separate excitation on the grid ? On board 
ship a difficulty, of course, is the small space available, 
but this would not apply to the case of a land station. 
With regard to harmonic interference, I should be 
interested to know whether harmonic stoppers are now 
normally fitted (1) on ships, and (2) on land stations. 
In the section of the paper which deals with harmonic 
interference, the author has a sentence which reminds 
me of a patent specification in the sense that it seems 



to have been put in to be sure that everytliing is covered ; 
it is as follows :—" The best results have been obtained 
by combining the filter circuif of Fig. 31 with either an 
intermediate coupled circuit (inductively coupled as in 
Fig. 32 or, alternatively, emplo 3 dng capacity coupling), 
or with a double-acting type of circuit in which the even 
harmonics are reduced by being set up in phase opposition 
for the two halves of each high-frequency period, as 
in Fig, 34." I should like to know which of the many 
possible combinations included in this comprehensive 
statement the author really does consider to be the 



best, because, of course, within the brackets he has 
given two alternative methods which are vastly different 
as regards efficiency in the reduction of harmonics. ^It 
seems to me that all the circuits given in the paper show 
a tendency to use inductive reactance where capacitative 
reactance would be preferable. Most of the circuits 
given in the paper are included in the general skeleton 
diagram of Fig. A with an inductive anode tap. Now 
we can equally well use a capacitative anoi^e tap as 
shown in Fig. B. The impedance of path ABC in 
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Fig, A to the fundamental is the same as the impedance 
of the path ABC in Fig. B. The impedance of path 
ABC in Fig. A to the nth harmonic is, however, 
times that of path ABC of Fig. B and it is fairly clear 
(b}^ inspection) what can be proved mathematically if 
it be assumed that the wave-form of the feed current is 
constant, viz. that a circuit with a capacitative anode tap 
is about*^^ times better in respect of harmonic emission 
than one with an inductive anode tap. The same 
argument applies to the coupling to the aerial circuit, 
so that the complete circuit of Fig. B. is roughly 
times better, as regards harmonic interference, than that 
of Fig. A. I suggest that these differences which 
the author has coupled togetller in a parenthesis are 
more important than the use of harmonic stoppers. 

I think also that if the grid coupling were capacitative, 
the difficulties of phasing referred to in the paper would 
probably be reduced, but I assume that questions of 
space and range of wave-length required would prohibit 
the general use of capacitative reactances for Naval 
circuits. The author says that it is usual to employ 
not more than three valves in parallel for aerial powers 
up to 60 kW, and for still higher powers a series-parallel 
arrangement. I should like to ask whether the Signal 
School does actually provide a regular wireless service 
in which three valves give 60 kW in the aerial. It is a 
splendid performance if that is the case, but of cotirse 
it is oje thing to do this for a short period of test and 
quite another thing to provide a regular service, with 
the necessary factor of safety not only on the anode 
dissipation but on the voltages which the valves will 
withstand. The series arrangement of valves was no > 
doubt a desirable expedient Under war conditions when 
it was necessary to use a particular voltage supply 
for a particular type of valve which would not withstand 
more than a certain voltage; but I presume that the 
author would not recommend a series-parallel arrange¬ 
ment for a new design under present circumstances. 
He says#that such an arrangement avoids an excessive 
complexity of valve connections. I should have thought, 
on the contrary, that to place banks of valves in series 
would have added to the complexity, and I can see no 
compensating advantages. 

Mr. B. S. Gossling : I am inclined to join issue with 
Prof. Fortescue in his criticism of the author's approxi¬ 
mate calculations. It is certainly true that in the case 
of the rectifier valves the calculation could have been 
worked out as Prof. Fortescue has suggested, but I am 
not at all sure that the author’s method may not have 
been equally good even in thaTt case, and I think that 
his meliiod of handling the three-electrode case men¬ 
tioned towards the end of the paper is very satisfactory. 
There are so many variables to keep in mind—one has 
only to look at Table 2—^and the author's method of 
getting clearly in mind what are the essentials of the 
problem and tr 3 dng to combine those essentials into a 
relatively simple formula is likely to be a great help 
to those engaged in this work. When treating of the 
characteristics of the valve in relation to its efficiency 
as an oscillator, the author might have taken the full 
equation of the characteristic curves and have tried to 
find a mathematical approximation to them which would 
give something that could be worked out, but the 


result is not likely to be so manageable as the simple 
formulas given at the end of the paper. Although they 
contain assumptions the author does at least state 
where these occur. It is good to combine as much as 
possible of the essentials into a few simple formulae 
so that one can get an approximate solution in a reason¬ 
able time and know where the pitfalls are. To take a 
case in point, the author makes assumptions about the 
average conditions under which a valve oscillates and 
then he says finally that it is usual to design the filament 
with a 60 per cent margin in emission. This statement 
interested me because I have actually measured the 
peak value attained by the valve emission using ordinary 
operating adjustments of the valve. The author deals 
with an ideal square-headed curve, while in my case the 
peak value does prove to be 60 per cent above his 
average value. I am in no disagreement with the 
grounds of the author's assumptions—I have these 
experimental reasons for believing them to be sound 
—but I should be glad if he would give some indication 
of the methods by which he has actually measured the 
minimum of the filament/anode voltage under operating 
conditions, and the method by which he has measured 
the maximum grid voltage. These points are absolutely 
fundamental to the design of the valve, and some 
indication of simple experimental methods of making 
those measurements when a set is being tuned up would 
be very interesting. For instance, it is quite clear that 
the operator can choose various sets of circuit adjust¬ 
ments which give him the same overall efficiency. Very 
small changes in tlie circuit adjustment may make a 
great deal of difference to the value of the valve current, 
and it is the value of the valve current that determines 
the life of the valve. It would be quite possible, if the 
circuit adjustments are made without paying attention 
I to the variation of the anode voltage and the variation 
of the grid voltage, to arrive at a circuit adjustment 
which gives a desired efficiency but takes 60 or 100 per 
cent greater peak emission and consequently shortens 
the life of the valve. A simple circuit arrangement 
enabling these factors (which do not appear on the 
supply current instrument or the oscillatory current 
instrument) to be kept in view would be very useful. 
An obvious point when considering the competition 
between the valve, the alternator and the arc as alter¬ 
native generating methods, is the average life of the 
transmitting valve together with the cost of replace¬ 
ment. Even at present it is true to say that, provided 
the valve is not of a specially expensive sort and that 
power is not obtainable at the very cheapest rate, 
valves can be made to last so long that the cost of 
replacing a valve by a new one is only of the same order 
as the cost of the power required for heating its filament 
during its life and is therefore a very small fraction 
of the total power bill for the installation during the 
same period. The author gives the running temperatures 
of the filaments as 2 460® and 2 600® absolute and as he 
refers to Mr. Stead's work I take.it that these tempera¬ 
tures are temperatures corresponding to the curves 
given in Mr. Stead's paper. But it is a fact—^the correc¬ 
tion was actually made by Mr. Stead himself—^that the 
true temperature is 100 degrees higher than that stated. 
This does not really affect the results obtained in the 
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pa.per mentioiied, because the temperature is ouly used 
as a common abscissa to all the different curves which 
it gives. The present author has said a great deal about 
the design ot valve sets and of valves without giving 
any definite figures on the subject of life ; these would 
constitute a very valuable addition to the paper. 
Again, I wish to join issue with Prof. Fortescue on the 
rating of the valves. It is essential that there should 
be not only a dissipation rating of the valves but aicn 
au approximate input rating. Cases have arisen where 
it has been possible to exhaust a valve for a dissipation 
rating which would not actually be achieved by the 
user without either sacrificing a great deal in efiftciency 
or raising his supply voltage above a convenient value, 
l am of opinion that the design of the electrodes with a 
•\dew to the input rating is important. As regards the 
limit of voltage which a valve will withstand, I do not 
think that sufficient stress has been laid on the pheno¬ 
menon of the extraction of electrons from a cold metal 
surface by a sufficiently strong electric field. This is 
a point to which designers of valves will have to give 
more and more attention. 

Dr. W. H. Eccles : The paper contains, among 
ruuch other matter, a larger collection of useful sugges¬ 
tions for design than any paper I can remember on the 
subject. It also contains many novelties; for example 
the author has arrived at the conclusion that the more 
economical way of working generating plant is to use 
the unsaturated part of the current curve. Four or 
five years ago the use of the saturation part of the 
characteristic curve was thought to be necessary for 
economy. On the whole I think that the author's work 
represents what might be called empiricism at its best. 
It is a mode of attack which I should like always to 
be able to follow and which I shall always recommend 
to every engineer. May I add that we all feel that the 
Admiralty is fuUy justified, judging by the papers we 
have had from the Signal School, in its policy of keeping 
up a large development department. The publication 
of the fruits of their labours is, we think, also justified 
and marks a departure from the Admiralty's.pre-war 
pohcy, a departure which we should do well to approve. 

Major A. G. Lee; In Fig. 28 the author gives the 
effects of changes of aerial tuning. Mr. Hansford has 
pointed out that when one obtains constant frequency 
by m^s of a separately excited grid one pays the 
penalty m a change of aerial current. This change of 
aerial current leads one into difficulties with the current 
or voltage limitations of the valves, unless one can 
ensure that fhe aerial constants shall not change beyond 
certam limits. We have found as a result of measure¬ 
ments of two different types of aerials—the flat-top 
Marconi aerial and another with a cage or “ sausage " 
lead-up—that the " sausage " type varies in resonant 
frequency more than the other. It may, however, be 
improved upon very considerably. Another point of 
great mterest in the paper is the methods of harmonic 
stoppmg. Mr. Hansford has already exhibited the 
di^am showing the method employed by the Post 
Our general experience is that that circuit very 
efficiently eliminates the harmonics. If one does employ 
a cond^CT coupling in order to get a reduction in 
haimonfhs between the primary and secondary circuits 
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one has to be careful that those circuits have no other 
fora of coupling, because harmonics can get across from 
primary to secondary by stray couplings to quite a large 
extent. Another point of interest in connection with 
the measurements in Fig. 33 is how far from the station 
these measurements were made, because there is a 
possibility that harmonics can be radiated by the primary 
circuit as weU as by the secondary. They do qot travel 
very far from the primary circuit, of course, and prob¬ 
ably these measurements were made fairly dose to tiie 
station. Another kind of disturbance from valve sets 
is what is known as “ key-clicks," which constitute a 
serious source of disturbance by a powerful valve 
transmitter. They spread from 100 to 200 m around 
ae fund^ental wave-length, and this means that it 
is quite impossible to locate another nearby receiving 
station within these limits of wave-length. This defect 
is probably also common to alternator stations. The 
marking and spacing method of signalling which 
maintains nearly constant amplitude on both frequencies, 
however, is not responsible for this particular defect' 
but the method is not Hked in the Navy because of the 
necessity of listening-through. The details given in 
Table 2 are of great interest. Efforts are being made to 
increase the power of transmitting valves, and it is very 
satisfactory to know that the Navy has a valve with 

an output of 21 kW. The final choice of valve_ 

silica, metal or glass—^will depend on two factors: 
(^) largest single unit that can be produced in mther of 
the types, and (2) tte economics of the case. Probably the 
second consideration will decide which type will srarvive. 

Mr. H. Faulkner: The author states that the 
maximum' value of anode filament valve P.D. with 
anode positive largely detamines the efficiency of rectifi¬ 
cation. It seems rather strange, therefore, tliat in the 
example of design an arbitrary value should be 
for this voltage rather than attempting to reduce its 
value to the minimum possible. Later in the paper 
the author discusses the possibility of resonance of the 
circuit comprising the anode condenser high-frequency 
choke, etc., in the case of an I.C.W. transmitter. It is 
thought that, even without any conditions of resonance, 
in the absence of the smoothing condenser which 
normally provides the necessary bypass across the supply 
circuit the circuit would be a very dangerous one unless a 
suiteble condenser were provided at some convenient 
position in the circuit or, alternatively, the inductance of 
the high-frequency choke were made large in comparison 
with the inductance of the secondary winding of the 
transformer. With regard to the stranded-wire tuning 
coils mentioned in the paper, I should be int^ested to 
know what acceptance tests are applied to the stranded- 
wire cable. My experience is that the normal commercial 
article leaves much to be desired with regard to insulation 
between the strands, and it is necessary to impose 
severe tests from this point of view. Imperfect stranding 
has a very bad effect on the high-frequency resistance 
of coils for radio frequencies, as Mr. Shaughnessy pointed 
out m his recent address * as Chairman of this Section. 
The author claims that the arrangement of valves in 
series results in increased efficiency of working over 
that obtained by using valves in parallel at, say, half 

* Jfourml 1026. vol. 68, p. 60. 
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the anode voltage. I cannot agree in principle : as in 
the case of rectifying valves, the principal factor govern¬ 
ing the efficiency is the space-charge voltage necessary 
to give maximum anode current. In the case of valves 
connected in series it is clear that the permissible total 
anode voltage is increased, but at the same time the 
space-charge voltage is increased in proportion and it is 
difficult to see what is the advantage. It seems to me that 
the phase relationship between anode current and anode 
voltage can be adjusted by an adjustment of the propor¬ 
tions of the blocking condenser and the high-frequency 
choke. The Post Office experience as regards economy 
of change-over from spark to valve is similar to that 
of the Admiralty. At the conversion of the Stonehaven 
station practically every component of the spark set 
was utilized, with the exception, of course, of the disc 
dischargers and, I think, the ** jigger," and the only 
additions required were the valves themselves and a few 
small auxiliary items. 

Major H. P. T. Lefroy: When considering the 
design of radio transmitting apparatus, it is well to keep 
in mind the fact that a station only transmits in order 
that it may be received ; hence transmission efficiency 
can only be considered in connection with reception 


ciency; (2) constancy of wave-length; (3) purity of 
tone ; and (4) absence of radiated harmonics. 

Mr. G. Shearing {in reply) : With reference to the 
remarks of Prof. Fortescue, I have deduced equations 
for the rectifier losses for a given voltage ripple based 
directly on the 3/2-power law, but I did not find them 
so easy to manipulate as those based on the assumptions 
given in the paper. 

With regard to the grid circuit protection, the 
adoption of the resistance is solely to protect the grid 
circuit. Excessive grid currents which may cause 
breakdown of this circuit can be obtained for incorrect 
adjustment of the grid circuit when the anode current 
is below the safe value. This is illustrated in the 
curves of Fig. 19, in which the maximum value of the 
grid oscillatory current, for the case of no resistance, 
is of the order of 700 per cent of the value for correct 
condenser adjustment, and is dangerous for the grid 
circuit which is designed for small space requirements, 
whereas the corresponding value of the anode current 
of 0*6 ampere was perfectly safe for the valve itself. 
Again, the maximum anode current shown, of the 
order of 0*7 ampere, was a safe value. Resistances of 
this type, comprising a carbon lamp shunted by a resis- 
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Fig. C. — ^Anode current wave-form. Mean 
value = 0*52 ampere; d.c. supply 
power =s: 4*36 kW. 
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D.C. supply voltage *- 8 400. 

Minimum anode*mament voltage *•> 2 280. 
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efficiency. The latter is usually defined by a ratio, 
namely ^strength of desired signals)/(strength of unde¬ 
sired signals), and factors that decrease the denominator 
of this ratio are as important for true efficiency as axe 
those that increase its numerator. It is clear that 
improvement in the power efficiency of the transmitter 
will tend to increase the above numerator; but such 
improvement may tend also to increase the strength of 
the harmonics radiated, and such harmonics are 
undesired signals to stations with which the transmitter 
is not communicating, and thus tend to reduce the 
efficiency of radio communication as a whole. For 
radiotelegraphic reception, signal tone-filtering devices 
are very effective in reducing the above denominator; 
they normally exclude all but a narrow band of acoustic 
frequencies, so that, if the wave-length of the trans¬ 
mitter varies, the heterodyne note of the desired signals 
in the receiver may vary beyond the limits of this 
band and may thus be more or less filtered out, thus 
reducing the above numerator; such reduction will also 
occur,, when using such a filter, if the ripple note of the 
high-tension supply to the transmitter modulates the 
received signals perceptibly. From the above, it 
follows that the true efficiency of any radiotelegraphic 
transmitting apparatus can only be ensured when the 
following four conditions are fulfilled: (1) Power effi- 


tance, the total value being of the order of 100 ohms, 
were applied during 1919-20 to the.earlier transmitters 
and resulted in a reduction of breakdown of the grid 
coupling cods. An overload relay of the t 3 rpe shown 
in Fig. 24 and described on page 323 is fitted usually 
to protect the valves against excessive anode current; 
it is particularly to be noted that the anode, grid and 
aerial currents are practically the same for correct grid 
circuit adjustment for each value of the resistance. 

The multiphase circuit of Fig. 16 can be made to 
give excellent results as regards ripple, comparable with 
that for two-wave rectifying units, provided that care 
is taken to ensure that each valve carries the same 
current in turn. With this circuit each valve filament 
has to he capable of supplying the total electron current 
for the case of a sine wave-form of supply voltage. 

Whilst I agree that the method given of calculating 
the performance of the valve for an oscillatory circuit 
from the curves of Fig. 36 is only approximate, it is 
based on experimental observations, and the oscillograms 
of Figs. C, D and E taken for a type NT23 valve on a 
low-frequency oscillatory circuit show that the valve 
current wave in this case approximates to a flat-top 
form. At the same time it is true, as pointed out by 
Mr. Gossling, that the allowance of 60 per cent greater 
emission does cover the case of a peaky wave-form, but 
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our aim has been to avoid such wave-forms with a view 
to the reduction of harmonics, and the rectangular 
wave-form is a fair average assumption. 

As regards circuit tuning, instructions based on 
laboratory measurements obtained for circuit adjust¬ 
ments on typical aerial systems are given to the 
operators. 

For modem high-power valves with molybdenum or 
with water-cooled anodes, the maximum possible value 
for the oscillatory anode power dissipation is almost 
invariably less than the maximum permissible static 
power anode dissipation, due to the limitations imposed 
by valve geometry, inter-electrode voltages, and possibly 
filament emission as outlined on page 326. For this 
reason I prefer to assign first importance to the valve 
geometry. If the valve-operating voltage can be raised 
with safety to values greater than those at present 
employed, then it may prove possible for the valve 
oscillatory and static safe anode dissipations to approach 
more closely to each other. Improvement in this 
direction may be obtained by finally exhausting these 
valves under the oscillator}’* voltage conditions of 
practical use, and I am very interested in the remark 
of Mr, Gossling concerning the phenomenon of the 
extraction of electrons froni a cold metal surface under 
a strong magnetic field. 

Our experience so far has been that the filament life 
for transmitting valves is less than for rectifying valves. 
In our development work of the high-power valve since 
1919 we had no earlier experience to draw on, and the 
tendency has been for us to increase the filament power 
and dimensions corresponding to lower temperatures 
since the first experimental designs. The filament life 
for transmitting valve types NT23 and NT24 varies 
from 400 to 1 000 working hours, whereas corre¬ 
sponding values for the NU21 and NU22 valves are 
1 000 to 1 600 hours. The temperatures stated in the 
paper correspond to those given in Mr. Stead's paper, 
a.nd the values he. gives have been used consistently 
since 1919-20 for ready comparison in our experimental 
work. , 

As regards the reason for the adoption of the value 
of 3 000 volts for the maximum anode filament P.D., 
this depends on a ntimber of conditions, and it is not 
necMsarily practicable to reduce the value to the 
minimum possible considering the valve only as 
suggested by Mr. Faulkner. 

. The main conditions may be briefly summarized as 
follows:— 

(1) The minimum time during which it is desirable 

for the current-pulses to flow from each half 
of the transformer winding, since reduction of 
this time corresponds to increase of electrical 
and mechanical stress on the transformer and 
alternator windings and to an increase of 
harmonics in the secondary terminal voltage 

(2) The maximum amount of filament power it is 

desired to employ for the valve filaments. 

(3) The minimum practicable diameter of the anode, 

relative to the filament for the voltage the valve 
has to withstand as an insulator. 

As regards the design indicated in the paper it may be 


noted that for the rectified voltage of 10 000the maximum 
instantaneous transformer kVA is 6-46 x 13 000, or 70 
whereas the mean power output of the transfomer is 
of the order of 18 kVA; this ratio must either not be 
excessive or, alternatively, it must be carefully specified 
to the makers of the transformer and the alternator 
plant for design purposes. 

In reply to Mr. Grinstead, to operate die valve above 
the saturation bend corresponds to an increase of voltage 
across the valve for a given rectified power with reduced 
efficiency and increased valve heating, and the valve 
can be operated in this manner, at reduced power 
output, up to the permissible anode dissipation, by 
reducing the filament supply power. As regards the 
design of the grid, the value of m upon which grid 
closeness depends can be varied over a very wide range 
without affecting the performance of the valve when 
used on oscillatory circuits employing a considerable 
grid negative potential. Considerable variation of the 
valve design as regards electrodes, whetlier trans¬ 
mitting or rectifying, can be made subject to the 
valve being able to pass tlie required electron current 
at the specified voltage conditions. This is referred to 
(as regards the rectifying valve) on page 314. 

It is not possible to differentiate between experi¬ 
mental and standard practice of the Admiralty, as the 
requirements are very exacting and diverse and one is 
usually not able to adopt the most straightforward 
technical design. The separate grid excitation circuit 
has great advantages for land-station working where 
fixed wave-lengths are the rule and aerial-swing can be 
reduced to a minimum; but for Naval use, where the 
aerial swing is greater and insulation more exposed to 
heavy sprays and seas, the change of aerial effective 
capacity with wet insulation may seriously prevcuit 
the aerial oscillatory current from building up unless 
an intermediate coupled circuit, separately excited, is 
employed. The circuit is but slightly better than the 
retroactive circuit for restarting under wet conditions, 
as stated on page 322. The size of the separate exciter 
valve has usually been of the order of one-sixth to one- 
eighth the size of the main valve. The statement on 
page 323 concerning the change of aerial current should 
have read " reduction of aerial current by 30 per cent 
of its best value " and this correction has been made 
for the Journal. 

As regards the use of harmonic stoppers, these are 
being fitted to certain land stations, and in this con¬ 
nection, comparing the circuits of Figs. 32 and 34, 
the circuit diagrammatically shown in Fig. 32 has 
given the better results in practice. With the circuit 
of Fig. 34 it is necessary to ensure that both valv<LS 
are balanced as regards their respective anode currents. 

I agree with Mr. Hansford that the description of 
Figs, 32 and 34 is brief, as I deliberately cut out 
further description in preparing the paper, to reduce its 
length. Our experiments so far made with capacity- 
coupled circuits have not been so satisfactory as those 
of the Post Office, but I presume the Post Office tests 
were on much longer wave-lengths than ours. I hope 
that cornparative results for harmonic reduction, of 
the circuits referred to by Major Lee and by Mr. Hans¬ 
ford, wiU be published later. For the case of sets to he 
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Operated on wide ranges of wave-lengths of the order 
of 600 to 6 000 metres we have experienced the difficulty 
referred to by Major Lee of subsidiary oscillations being 
generated by the various possible combinations of 
capacity and inductance with the main aerial circuit. 
Further, the overall efficiency has usually been reduced 
as the fine adjustments necessary for good efficiency 
on the wave-length range are prohibitive on account of 
space liifiitations. Incidentally, I should like to point 
out that the harmonic stopper described in Fig. 31 of 
the paper has the advantage of the capacitative anode 
tapping described by Mr. Hansford, since the harmonics 
have a path via the harmonic stopper condenser Ojr, 
Fig. 31, which may be ffi times as good as the path via 
the anode tapping inductance. 

As regards the harmonic measurements in Fig. 33, 
these were obtained from readings taken with the key 
pressed immediately adjacent to the transmitting 
source, and the results obtained were in fairly close 
agreement with comparative signal measurements made 
by receiving in a ship at varying distances up to about 
400 miles from the transmitter. The disturbance 
described by Major Lee, known as " key clicks,'' has been 
observed by us in experimental comparison of high- 
power valve transmitters at Horsea arranged for listening- I 
through with an arc transmitter employing marking 
and spacing wave; the effect appears to be much 
greater for a given aerial current when employing high- 
tensioK signalling keys in the secondary than when 
signalling on the primary side of the high-tension trans¬ 
former (which of course may not be practicable for high 
powers). 

The series arrangements of valves were got out for 
higher supply voltages than .were practicable for a single 
valve. The normal operating voltage for single valves re¬ 
quiring an input power of the order of 10 kW is increasing 
up to 14 000-16 000 volts, but we have operated valves 
in series at rectified voltages of the order of 20 000 volts 
and the arrangement is certainly very stable in action, 
as pointed out in the paper. Also, the circuit described 
in Fig. 24 enables either row of valves to be brought 
immediately into use by operation of the switches when 
the set is not required to be operated at full power; 
again this may be done if for any reason a single valve 
fails. No difficulty has been experienced in the design 
and manufacture of suitable filament transformers 
insulated between windings for high-freqxiency voltages 
of 10 000 to 20 000. 

My remark re excessive complexity of valve connec¬ 
tions had no reference to the comparison of series and 
parallel ^arrangement of valves; it applied to the advan¬ 
tage of the adoption of a larger valve unit over a number 
of smaller valves in parallel, and I am correcting the 
context to make this clear. Again, I think it should 
be clearly understood that the normal advantage of 


series operation is for the case when the supply voltage 
is greater than that which can be applied, with safety 
to a single valve. It is undoubtedly true that for 
the smaller quantity of electricity required for a given 
power through the rectifying valves at the higher 
rectified voltage corresponding to valves in series, there 
is a gain of rectifier efficiency, as shown by the curves 
of Fig. 3. A gain of transnaitting efficiency is also 
observed when employing two transmitting valves 
in series at voltages of the order of 60 per cent 
greater than the safe operation voltage for two 
valves in parallel. With reference to the use of 
a by-pass condenser for the I.C.W. transmissions, 
the smaller power sets developed up to 1918 
were used mainly on relatively short I.C.W. wave¬ 
lengths and no transformer breakdowns occurred, as 
the stray capacity of the transformer windings was 
sufficient to carry the very small high-frequency current 
under the non-resonating conditions without excessive 
potential difference when an anode choke of the order 
of 20 000 to 30 000 was employed. I am doubtful 
whether much of the transformer inductance enters into 
the problem owing to the relatively small high-frequency 
impedance of the transformer winding stray capacity. 
Extension to longer I.C.W. wave-lengths during 1918 
was found to give rise to the resonating difficulty referred 
to on page 317, and the small condenser was a simple 
solution nowr adopted for all sets. 

The difficulty described by Mr. Faulkner with regard 
to the insulation between strands has not been expe¬ 
rienced to the same extent by us ; the enamelling of the 
wire is carried out to a specification imposing very 
severe tests. It is probable, however, that excessive 
heating of the wire may be due to the mutual inductance 
of the stranded wires not being the same for each 
individual wire per coil turn. The following procedure 
is desirable in stranding the cable. The wires should 
be built into groups of three wires and each group of the 
three wires should be twisted right-hand. Then three 
of these groups should be twisted left-hand to form 
larger groupings. These larger groupings should then 
be twisted three right-hand, and so on. This tends to 
ensure constancy of mutual inductance for each indi¬ 
vidual wire. Further, it is desirable not to impreg¬ 
nate the strands of the wire apart from the cable 
covering. 

I agree fully with Dr. Eccles as to the importance 
of the unsaturated part of the current curve of the 
valve for power generation. 

It is usually possible to adhere to the requirements 
laid down by Major Lefroy for the design of a land 
station, but for ship transmitters the additional 
practical conditions to be fulfilled may render the 
satisfaction of these requirements either much more 
difficult or not entirely possible. 




Associate Hemltersliip Examination. 

The Council have decided to accept in lieu of Part I 
of the Examination the Higher Grade National Certi¬ 
ficate or Diploma in Electrical Engineering, provided 
that the candidate satisfies the Institution in the 
subject of English Essay.** 

Associate Membership Examination Eesults: 
October, 1924. 

Supplementary List.* 

Passed. 

Barrs, H. H. (New Zealand). 

Dalton, G. A. (South Africa). 

Harvey, A. F. S. (Buenos Aires). 

Prickett, J. H. (South Africa). 

Passed Part II only. 

Loveday, G. K. (South Africa). 

Heat Engine Trials. 

The Heat Engine Trials Committee of the Institution 
of Civil Engineers will present for discussion at a 
meeting to be held at Great George-street, Westminster, 
on Wednesday, the 25th March, 1926, at 6 p.m., the 
standard form or code for tabulating the results of a 
steam generating-plant trial. All interested in the 
subject are invited to attend and to take part in the 
discussion. Mr, W. H. Patchell, Chairman of the 
Panel responsible for drafting the code, wiU introduce 
the subject and will refer in particular to certain 
questions which it appears desirable to debate. Among 
these will be included questions relating to the make-up 
of the heat-account table, and to certain proposals in 
connection with recording the anal 3 rsis of oil fuels. 
Discussion on other items in the code will also be 
welcomed. Copies of Mr. Patchell*s introductory notes 
and of the code itself can be obtained on application 
to the Secretary of the Institution of Civil Engineers, 
Great George-street, Westminster, S.W. 1. 

. Briefly it may be stated that the code contains the 
description of the steam generating plant and the 
conduct and the results of trial or trials tabulated as 
follows 

I. General information and design data. 

Specified performance. 

^ General description; (a) Furnace (solid and pul¬ 
verized fuels, oil and gas fuels and waste heat); 
(6) boiler; (c) superheater; (d) economizer; 
(e) steam reheater; (ff air heater; (g) draught 
plant. 

II. Methods of measurement. 

III. Mean observations derived from log sheets and 

preliminary deductions. 

IV. Final deductions and heat accounts. 

V, Energy received for auxiliaries from outside 
sources. 

VI. Net overall efficiency/ 

** * Set page 158. 
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Informal Meetings. 

The following Informal Meetings have been held:— 

57th Informal Meeting (27th October, 1924). 

Chairman : Mr. W. B. Woodhouse (President). 

Subject of Discussion: “ The Interconnection of 

Power Stations ** (introduced by Mr. W. B. Woodhouse). 

Speakers: Messrs. H. M, Sayers, A. F. Harmer, 
W. E. Rogers, A. Williams, J. H. Sandiford, A. G. 
Hilling, J. F. Shipley, J. W. Robertson, W, F. Andrews, 
N. Brooksbank, A. W. Berry, J. R. Bedford, R. D. 
Giflord, D.Sc., V. N. Halliday, T. R. Renfree, R. V. 
Hook and A. J. Watts. 

68th Informal Meeting (10th November, 1924). 

Chairman : Mr. A. H. Allen. 

Subject of Discussion: " Research in tlie Cable 

Industry*' (introduced by Mr. P. Dunsheath, O.B.E., 
M.A., B.Sc.). 

Speakers: Messrs. G. L. Addenbrooke, P. Rosling, 
H. C. Silver, W. Day, J. H. C. Brooking, T. N. Riley, 
A. Collins, A. Rosen, E. S, Ritter, R. D. Gifford,^D.So., 
W. G. Newberry, A. G. Hilling, H. Savage, J. Coxoh 
and A. H. Allen. 

59th Informal Meeting (24th November, 1924). 

Chairman : Mr. J. W. Beauchamp. 

Subject of Discussion : “ The Electrostatic Wattmeter 
used for Measuring Dielectric Losses in Cables ** 
[introduced by Mr. N. A. Allen, B.Sc.(Eng.)]. 

Speakers: Mr. G. L. Addenbrooke, Prof. J. T. Mac- 
gregor-Morris, Messrs. A. Collins, A. Rosen^ A. J. 
Tracey, R. M. Longman and J. W. Beauchamp. 

The Benevolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions received during the period 26 Januaxy- 
26 February, 1925 :— 

£ s. d. 


Adkins, H. (Coventry). 

Aitken, W. (London). 

Aldridge, D. W. (Prescot) 

Allan, J. T. (Birmingham) 

Anderson, J. (Glasgow) 

Anderson, W. Y. (Birmingham) 
Andrews, E. (Barnsley) 

Andrews, R. (S. Shields) 

Andrews, W. F. (London) 

Armstrong, R. E. (Leamington Spa) 
Arthur, J. W. (Reading) 

Atkinson, UL. B. (London) 

Babb, H. C. (Musselburgh) .. 
Baldwin, L. L. (Ahmedabad, India) 
Baldwin, S. J. W, (Ahmedabad, India) 


2 6 * 
110 
6 o’ 

3 6 

10 6 
6 0 * 
10 0 
3 6 

10 0 
5 0 
10 0 
1 1 0 * 
10 0 
8 6 
8 6 
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Summary. 


This paper discusses the application of the following types 
of cables and methods of laying to the various parts of a 
three-wire d.c. network. 

Types of cables: Single-core, three-core, and triple-con- 
centric. 

Methods of laying: Conduit, direct, and solid. 

It endeavours to show that, wherever it can be adopted, 
the most satisfactory network is that composed of single¬ 
core lead-covered cables, the feeders being drawn into 
Conduits and the distributors and services laid direct. 

The paper also describes the '* looped-neutral service, 
the object of which is to facilitate the location of faults on 
the smaller sizes of triple-concentric vulcanized-bitumen 
distributors, and to improve the contmuity of supply under 
fault conditions. ___ 


^ (1) Introduction. 

Permissible current loading *—^Before proceeding to 
compare the various types of systems, it is necessary 
to form some idea of the relative carrying capacities of 
cables laid under different.conditions. No useful purpose 
would be served by comparing the costs of, say, a 
0*6 sq. in. X 0-26 sq. in. X 0-5 sq. in. feeder made 
up of single-core cables laid direct in the ground, with 
that of a solid-laid triple-concentric feeder of the same 
cross-sectioijial area. For this reason it is necessary to 
find the ^izes of the various cables which will give 
approximately the same performance for any given 
method of laying. 

There are so many modifying influences that affect 
the safe current-carrying capacity of a cable, such as 
the type of ground in which it is laid, the depth and 
manner of laying, the nature of the loads and the con¬ 
struction of the cable itself, that it is impossible to 
fix any definite values unless all the prevailing local 
conditions are known. Some of these points are 
enumerated below:— 

The method of laying the cable has a modifying 
influence? Where a single-core cable is laid direct in 
the ground the problem is a fairly easy one. When 
one comes to consider multicore cables and, perhaps, 
the bunching of cables, it is more difficult to estimate ihe 
temperature-rise for any given current. 

With cables laid solid the chief factor that prevents 
any trustworthy figures being given is the nature of 
the material used for filling in the troughing. In soine 
cases the thermal resistivity of this material is nearly 
as high as that of the cable didectric, while in others 
it is considerably lower, almost equalling the value for 

♦ This paper was originally submitted in the form of a thesis in lieu of the 
Associate Membership Examination.. 


damp earth. Until the question of the filling material 
has been more fully investigated, no loading tables 
will be available. For purposes of comparison, however, 
it has been assunied that for a vulcanized-bitumen cable 
laid solid the maximum permissible loading will be con¬ 
siderably lower than for an armoured cable laid direct, 
and about the same as for a lead-covered cable drawn 
into a duct. 

The chief variable quantity that renders a com¬ 
parison difficult when considering drawn-in cables is 
the layer of air that surrounds a cable in a duct. It 
is this thin layer of air that offers the greatest resis¬ 
tance to the flow of heat emitted from the cable and, as 
it may or may not be in motion, its lagging effect is very 
problematical. 

Again, the carrying capacity of a cable depends 
upon its heat emissivity, which is inherently bound up 
with its design. It is obvious that a single-core cable 
completely surrounded by earth at a uniform tempera¬ 
ture will be able to dissipate the most heat. 

In a triple-concentric cable neither of the two inner 
cores borders directly upon the surrounding soil. This 
means that all the heat generated in the inner core 
has to pass through both of the other cores before it 
leaves the cable. It will readily be realized from this 
fact that for a given current in all cores the inner core 
will be by far the hottest, and hotter than any core 
in a thi;ee-core cable of tlie same sectional area and 
carrying the same current. Although the outer core, 
having a very good cooling surface, will operate at a 
much lower temperature, no advantage can be taken 
of this, as the safe current density that can he applied 
is limited by the temperature of the hottest core, which 
means tliat a triple-concentric cable will have a lower 
rating than either a single-core or a three-core cable. 

Much very useful information on tliis subject is 
contained in the Second Report on the Research of 
the Heating of Buried Cables, issued by the British 
Electrical and Allied Industries Research Association 
(see Journal 1923, vol. 61, p. 617), ^d, from 

the information given in this Report, Table 1 has been 
compiled as representing average conditions. This 
table shows the maximum permissible currents ^at 
can be applied to singlercore, three-core and triple- 
concentric. cables as used oh. a three-wire d.c. network 
with the three methods of laying. It should be noted 
that on a three-wire system the ’ neutral conductor 
carries little or no current, so that the ratings can he 
increased above the values that would* 3,pply if all cores 
were carrying the same current* ^ 
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(2) Feebers. 

Type of Cable. 

- When a network is first laid down it is, as a rule, 
only possible to anticipate the districts at which the 
heaviest loads are likely to occur, the probable amount 
of load at each of these districts being too indefinite 
to warrant any variation in the size of the feeders. 
It is therefore usual to decide upon the number of 
nodal points that are necessary and to connect these 
to the station with feeders of equal size. From electrical 
considerations the more nodal points there are the 
more efficient will be the operation of the system, 
but economic facts have to be faced and a compromise 
reached. It is well to err on the side of fewer feeders 
at the beginning, because, when an undertaking is 
young and therefore struggling, any unnecessary capital 
outlay is to be avoided. Another fact that lends sup- 


and the capital charges. The most economical size of 
cable is obtained when the cost of the energy wasted, 
plus the capital charges for the part of the plant neces¬ 
sary to supply this loss and for the cable itself, is a 
minimum. This is expressed in the following formula• 

thTd . _ 

Total charge (in £) « 0*6 x lO® 

where the symbols have the values given in the "appen to. 

This condition may be considered ideal as, in practice, 
other factors, such as anticipation of future load, compel 
larger cables to be laid down than may be determined by 
fhig formula for the immediate requirements. It is, 
however, a useful guide in deciding whether a system 
is working in the most economical manner, or whether 
there would be any financial advantage in laying an 
additional feeder. 

Single-core cables, --’From the point of view of opera¬ 
tion it is undoubtedly the best policy to use single- 


Table 1.* 


Maximum Permissible Constant Current Loading. 


Area of 

live conductors 
(neutml core half the 
size of outers) 


sq. in. 

0*1 

0*16 

0*2 

0*26 

0*3 

0*4 

0*6 

0*6 

0*76 

1*0 




Cables laid direct (lead-covered and armoured) 


Cables drawn in 
(plain lead-covered) 


Cables laid solid 
(vulcanizecl-bituracn) 


... 


3 single-core cables 

3-core cable 

Triple-concentric 

cable 

3 single-core cables 

3-core cable 

amps. 

298 

amps. 

263 

amps. 

249 

amps. 

202 

amps. 

185 

367 

331 

313 

261 

238 

438 

390 

371 

317 

290 

497 

447 

421 

373 

338 

669 

501 

478 

428 

388 

666 

689 

662 

626 

474 

748 

669 

641 

604 

546 

846 

— 1 . 

724 

696 

— 

949 

: — 

812 

800 

— 

1 158 

— 

997 

1 012 



The values given are for sandy loam with 10 per cent moisture content, and clay with 20 per cent moisture content. 


Triplc-conceutric 

cable 

- . . 

amps. 

162 

208 

264 

296 

340 

416 

482 

662 

634 

fSOO 


port to this precaution is that the natural and most 
economic nodal points for a town frequently move, 
owing to the erection of new buildings and the migration 
of people from one part of the town to another, this 
generally being from the centre outwards. New feeders 
can be laid when necessary, by which time the extra 
expense can better be borne and an indication given 
as to the most suitable place for a new nodaJ point 
to cope with any migration of load that is taking place. 

The choice of the size of cable for a feeder is more 
an economic than an electrical problem. This is 
because the question of voltage-drop on such a cable 
is. only of secondary importance, as there are no limiting 
factors imposed by the Electricity Commissioners as 
in the case of distributors. Any variation in the value 
of this drop can be counterbalanced by an equal varia¬ 
tion of the busbar voltage, so maintaining a constant 
pressure at the nodal points. It is therefore confined 
to a consid^ation of the heating effect of the current 
and a compromise between the energy lost in the cable 


core cables for feeders, as advantage can be taken of 
their high current-carr 3 dng capacity. It is for this 
reason that some undertakings have adopted such 
a S 3 ^stem of feeders, even though the rest ot the network 
is made up of three-core or triple-concentric cables. 

The greatest advantage in the use of single-core 
cables is the small amount of inconvenience caused to 
consumers under fault conditions, this being parirticularly 
evident when followed up by a similar- type of distribu¬ 
tion system. This point is fully considered in the section 
dealing with distributors. 

Three-core and triple-concentric cables. —Between the 
other two types of cables there is not much to choose, 
any advantage resting with the three-core cable, whose 
Tpaxitmim current-carrying capacity is rather higher 
th an tot of the triple-concentric cable. Joints oh three- 
core cables are.also simpler, but this is not so important 
on feeders where there are comparatively few ; on 
distributors, however, the fact assumes much greater 
importance. The use of three-core cables is limited 
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ta sizes up to 0-6 sq. in., Cable manufactory b^g 
unwilling to guarantee larger sizes. Tliis disadvantage 
is not shared by the triple-concentric cay. 


Method of Laying, 

Conduit.—In deciding the best method of laymg 
feeders, the local conditions are always the govemmg 
factors, hnd these will not be similar in evy case. 
The type of roadway met with in the centre of a town, 
in which area the bulk of the feeder system ^lU gene^y 
be situated, is often of a very different nature from that 
in the outlying districts, and this fact might wyant 
additional initial expenditure with a view to futoe 
saving in the event of probable yits and 
extensions. For this reason it is often considere 
advisable to incur a Uttle more trouble and expense in 
drawing the feeders into conduits in order to reap, at 
some future time, the advantages derived from such 
practice, amongst which are :— 

(1) Rapid localization and repair of faults. 

(2) Low cost of increasing the size of the feeder. 

(3) Saving on capital charges due to the possibility 

of installing a cable sufficiently large to cope 
with loads of the immediate future, thus avoid¬ 
ing having buried in the ground a large quantity 
of idle copper which is not then required and 
from which no return will be forthcoming for 
many ye^* 

(4) Less depreciation. 

The first of these points, namely the rapid localization 
and repair of faults, is vitaUy important in a system 
whose feeders, during certain hours of the day, axe loaded 

almost to their ntmost capacity. The ease with which a 

faulty length of plain lead-covered feeder drawn into 
conduits can be located and replaced, as compared with 
the amount of time spent in taking up sets and breaking 
through a concrete roadway foundation to gain access 
to a direct- or sdUd-laid cable, perhaps in several places 
before the fault is located, may prove invaluable when 
the other feeders are in imminent danger of suffering 
permanent damage due to overloading. The question 
of the cost of repairs is more or less bound up with 
the speed with which they are carried out, as time 
undoubtedly means money, whether reckoned in wages 
or in loss of revenue. 

The conduit system has the advantage that when 
feeders of too small a section may have been originally 
installed due either to errors in calculations or to the 
shifting of the more heavily-loaded districts, the mistake 
can be rectified at a minimum cost. Advantage can 
often be taken of this good quality of the conduit system 
.by intentionally installing a sm^ler size of cable than 
•will ultimately be required, but large enough for loads 
of the immediate future. It will readily be seen that 
df, say, a 0-26 sq^ in. feeder will carry all the load that 
d 3 likely to be required for 10 years, after which it 
.inight.be advisable to install one of 0*6 sq. in. cross-: 
•s^tion, there will b© a* considerable net saving in capital 
charges due to the fact that the extra cost of the 0-5 
.sq... in. feeder during those first 10 years when the major 
•portion of . .the copper will be lying idle and bringing. 
dp nq.r.etuynf /ytill not have to be meti Even this anrange- 


ment dan be improved upon by' drawing’another feeder 
into spare dudts, laid at the same time as the others, 
the two cables then operating in parallel as-one feeder. 
This obviates the loss that would be incurred by drawing 
out and’ scrapping the original ■ feeder. The heavier 
initial cost occasioned by the increased number of 
ducts to be provided is only slight, particularly in the 
case of multicore cables. It is also conceivable that, 
dne to the causes mentioned above, the size of the feeder 
might never require to be increased, the result being a 
permanent saving only rendered possible by letting the 
future take care of itself more or less. 

The possible amount of depreciation is much less 
in the conduit system than in either of the others because, 
should the cable break down or require to be repla^d 
due to obsolescence or other reasons, the only renewable 
part is the cable itself, whereas in the case of the direct¬ 
or solid-laid cable the whole cost of the mains is lost, all 
the original trench work and reinstatement of the roads 
has to be done again, and probably the protective 
material will have to be renewed. If the copper and 
lead of the recovered cable are sold, the only loss will 
be the insulation, the cost of manufacture and the 
labour of pulling in and jointing the cable. 

There are a few points that must be carefully borne 
in mind when laying down a conduit line. The position 
of other existing pipes should be ascertained before 
the work commences, and trial holes have generally 
to be opened up along the proposed route to find a 
clear course. This information can often be obtmned 
from .the various authorities, but in old streets this is 
seldom the case, as a number of old pipes, particularly 
drains, will be discovered of which there are no records. 
The positions of these obstructions must be ascertained 
in order tliat the conduits may be laid so as to drain 
into the draw boxes and any dips or hollows in which 
water could collect and, by freezing, cause damap 
to the cable and conduits. Another reason for the 
avoidance of dips and twists in a conduit line is that, 
whilst it makes it more difficult for a cable to be drawn 
in it renders it almost impossible to draw out a cable 
that has been allowed to settle and take up a definite 
shape for perhaps a number of years. Where there are 
no obstructions, a depth of 2 ft. to the top of the conduit 
is ample; but in the main thoroughfares of a large 
town a depth of from 3 to 4 ft. or even more is necessay 
to enable all obstructions to be avoided. Such road¬ 
ways often appear to the electrical mains en^neer to 
be a tangled mass of gas, water and drain pipes with, 
sometimes Post Office cables, tramway feeders and 
hydraulic mains added tp thwart his endeavours to 
obtain a straight conduit track. It is in such roadways 
that the direct-laid cable shows to particular advantage, 
as it can be run to avoid such obstructions. 

If concrete is used as a protection for the conduits, 
with the intention of saving them from the crushing 
strain of very heavy traffic, it should be laid undemea'm 
and packed round the sides as well as on the. top. If 
intended merely, as a protection from picks it peed 
be placed oply on. the top and at the sides* Ip either 
case it should, hpve a smooth finish- to enable .it tp. be 
recognized*.by any workman opening,,the ground ^ter 
being there for a purpose apd not ti> be.sm:hshed.up 
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as a casual obstruction. The concrete surrounding 
the conduits also preserves their alignment and renders 
them gas- and water-tight; thus minimizing the risk 
of explosion or electrolysis. In the opinion of the 
author, the use of concrete* is unnecessary unless in 
exceptional circumstances. 

Plain lead-covered; cable and earthenware conduits 
should be < used. Whilst braiding certainly protects 
the lead sheathing during drawing-in operations, and 
steel-wire armouring, in addition to this, takes the 
strain off the lead, these will rot away after a number 
of years in a wet duct and effectively jam the cable 
should any attempt be made to draw it out. 

Cables laid direct, — k. fact that becomes quickly 
apparent when considering the laying of a cable direct 
in the ground is the ease with which such work can 
be carried out. There is no need for the same amount 
of preliminary caution to be taken as for laying a 
conduit track along a main road. The fact that an 
obstruction is easily passed by this method is often a 
deciding factor in its favour. 

The life of a lead-covered cable laid in good ground 
such as clay or sandy soil has not yet been determined, 
but the fact that such cables on being examined after 
16 • or 20 years' service show no signs of deteriora¬ 
tion, would appear to indicate that their useful life is 
very considerable. 

For feeder work full advantage can be taken of the 
high maximum permissible loading of the direct-laid 
cable. This might in some cases enable a smaller 
size of cable to be used than if it were to be .laid 
solid or drawn into conduits. 

- Two . factors have to be borne carefully in mind when 
laying cables direct, viz. 

(1) Electrolytic action due to stray currents from 

other sources. ; 

(2) The corrosive action of certain types of ground. 

When the cable runs for a considerable distance 
parallel to a tramway track, a portion of the earth 
current may be induced to leave the track and return 
along the lead covering of the cable. This can be 
guarded against by laying the cable solid or drawing 
it into watertight conduits over that portion of the 
route on which electrolysis might be expected. 

In ground largely composed of ash or slag there is 
a certain amount of free sulphur tetroxide which, when 
dissolved by any water that happens to penetrate 
•through, forms a weak solution of sulphuric acid. This 
would rapidly corrode the ^mouring of a cable laid 
direct in such ground. The "danger can be avoided by 
the methods mentioned above or by the importation of 
a quantity of clay, if such a supply is easily available, 
in which the cable is embedded and through which 
the acid cannot penetrate. 

Cables laid solid ,—^The system commonly known as 
the'' solid" system was introduced by Messrs. Callender's 
Cable and Construction Co., Ltd., and marked a great 
advance on the methods previously employed. Practi¬ 
cally the only occasions on which this system is used 
to-day is when local chemical or electrol^H^ic action 
would be probable on a cable laid direct; Even when 
such a course is adopted, plain lead-covered cable is 


preferable to the vulcanized-bitumen sheathed cable, 
for the following reasons :— 

(1) The cost is lower. 

(2) The continuity of the lead sheathing is main¬ 

tained 'where the rest of the system', following 
modern practice, is composed of lead-covered 
cables. 

(3) Similar cable may be used for drawing into con¬ 

duits on other parts of the system, and so the 
amount of cable to be kept in stock is reduced. 

(4) Freedom from damage to other adjacent roadway 

works in the case of a prolonged leakage to 
earth. This is particularly liable to occur 
on single-core vulcanized-bitumen cables laid 
solid. 

This latter fact was recently very forcibly demon¬ 
strated to the author. Two substations were inter¬ 
connected by three single vulcanized-bitumen cables 
laid solid in the same wooden troughing. The Post 
Office had trouble with one of their trunk feeders 
and, on drawing out the faulty length of cable, 
electrolysis was found to be the cause of the breakdown. 
Shortly afterwards another fault due to the same cause, 
developed on a local feeder lying in a duct close to the 
trunk line. While this was being repaired a heavy 
fault on the supply undertaking's interconnector was 
reported, the heavy protective fuses at both stations 
having blown and about 4 ft. of the cables having 
burnt completely away at a place adjacent to where the 
trouble had occurred on the telephone cables. It was 
clearly a case of a slight fault being fed unnoticed 
for a considerable time, gradually increasing until it 
developed sufficiently to give some indication of its 
presence. Had lead-covered cables been used on tliis 
interconnector, and the lead securely bonded to eartli 
at both stations, "the fault would have immediately 
developed suf&ciently to blow the station fuses and 
the supply undertaking would not have had to^roeet an 
account of over £260 for damage to Post Office cables. 

Another point against the use of even single-core 
vulcanized-bitumen cables is that no advantage can be 
taken of the special arrangement—dealt with below 
under the heading " Distributors "—which enables the 
con'tinuity of supply to be maintained in almost every 
breakdown, when single-core lead-covered cables are 
used throughout -the system. 

Modem practice is to use earthenware troughs 
because;— 

(1) They are more easily laid down and bettisr joints 

are possible between two troughs. 

(2) They axe unaffected by acids contained in the 

surrounding ground, resulting in long life. 

It is well known that all wood contains certain vege¬ 
table acids, chiefly acetic acid. If a wooden trough is 
laid in damp ground it will quickly deteriorate and the 
acid wiU ultimately attack the cable. It is for this 
reason that wooden boxes should never be used for 
enclosing joints. 

When laying the troughing, pockets should be care¬ 
fully avoided because any water that manages to find 
its way into the troughing will accumulate at such places 
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and, in time, percolate through the bitumen and destroy 
the cable. To do this it sometimes means that a deeper 
trench has to be excavated than is the case when la 3 ring 
a cable direct, to enable the troughs to be laid under¬ 
neath most of the other roadway obstructions. A 
depth of about 2 ft. 6 in. will generally be found suffi¬ 
cient for this purpose. The troughs should not be laid 
directly’on a bed of clay when the ground above is of a 
porous nature, as surface water is liable to collect 
at such a level and perhaps find any weak spot in the 
troughing. In such cases it is better to deepen the trench 
sUghtly to allow the cable to be completely surrounded I 
by clay. A foundation of some pervious substance 
such as loose stones or sand is beneficial, as water will 
quickly soak through and leave the cable comparatively 
dry, instead of remaining in the vicinity of the cable. 

Before the bitumen is run in it is essential to see 
that the troughing is. perfectly dry inside. Should 
any appreciable amount of moisture be allowed to 
remain, blow-holes will be formed in the bitumen, 
through which, in time, water will percolate to the 
cable. (This is a very trying feature of solid-laid cables.) 
The cable is then covered with hot bitumen which is 
allowed to set. The reason for having tlie first filling 
fairly hot is to make it sufficiently thin to ensure 
it filling up the small gap which is formed between 
the bottom of the cable and the trough, due to the 
cable <»resting on the saddles, and thus prevent the 
formation of any air spaces. It also serves the purpose 
of helping better to expel, before it sets, any moisture 
that might be left in the trough. The remainder of 
the trough can be filled up with bitumen at a tempera¬ 
ture of about 260-300® F., and if the tiles axe fixed 
before this sets they will be firmly held in position. 

Pilot Gables. 

As feeders are usually accompanied by pilot cables, 
the cost of these pilots might be considered in con¬ 
junction^ with those of the feeders themselves. The 
cost of installing a pilot with any particular t;;^e of 
feeder is not always ihe same, nor is the addition;^ 
material to be provided similar in every case. This 
difference is, however, so small compared with the cost 
of the feeder itself that pilot cables have been omitted 
when arriving at the costs of the various types of feeders 
shown in Table 3. 

Costs of Feeders. 

From the figures given in Table 1 a set of curves, 
shown in Fig. 1, have been drawn from which the 
respective sizes of cables that have to be used for a 
given load and method of laying can at once be deter¬ 
mined. For the purpose of comparing the cost of the 
different systems for feeders, the respective sizes neces¬ 
sary to cope with a maximum continuous load of 600 
amperes are taken as being:— 


It is not of course suggested that, where the size’ 
indicated in the above list is not a standard, a cable 
should be specially constructed to meet the specific 
requirements. As it is necessary, however, to have 
some definite basis of comparison, the costs of the 
sizes of feeders which would give the same results in 
practice are considered, and where these are not standard 
cables their costs have been calculated from those of 
the nearest standard sizes. 



The costs of the various systems are shown for two 
types of roadway, namely:— 

(1) Sets on a 6-in. concrete foundation. 

(2) . Waterbound macadam. 


Table 2. 

Depth of Track for Feeders. 


.. Type of ground surface 

Cables laid 
direct 

Cables 
drawn in 

Cables laid 
solid , 

Sets + 6-m. concrete 

ft. 

ft. 

ft. 

foundation . 

2 

4 

3 

Waterbound macadam 

2 

3 

2 


(1) 3 single-core cables 

(2) 3-core cable 

(3) Triple-concentric cable 

(4) 3 single-core cables 
(6) 3-core cable 

(6)- Triple-concentric cable 


Paper-insulated, lead-covered, steel- 
tape-armoured, laid direct 

Plain lead-covered' drawn-in anti 
paper-insula^ted vulcanized-bitu- 
men laid solid * ' 


« 0*26 sq. in. X 0* 126 sq. in. X 0*26 sq. in. 

= 0*3sq. in. X 0*16sq. in. X 0«3sq. in. 

^ 0*326 sq. in. X 0* 1626 sq. in. X 0*326 sq. in. 
0*376 sq. in. X 0*1875sq. in. X 0*376 sq. in. 
0*44 sq. in. X 0*22 sq. in. x 0-44 sq. in. 

= 0*626 sq. in; X 0*2626sq. in. X 0*626 sq. in. 



342 TAYLOR'S THREEr-WI'RE DIRECT-CURRENT DISTRIBUTION NETWORKS: 


The depth of track required for each of^ these 
types of roadway will not always be the same for all 
methods of laying. Table 2 shows the depths of tracks 
allowed for in estimating the results shown in Table 3. 

The figures given in the latter table show that, 
wherever local conditions permit, three single-core 
feeders are the cheapest to lay down. When this fact 
is considered together with the technical advantages 
of this t 3 q)e of cable, there must be very .exceptional 
reasons to cause any undertaking not hampered by 
restricted road space, to adopt a multicore cable for 
feeder work. 


This table showsi exclusive-of cables tlie portion of the 
original expenditure that will have to be reincurred 
when it is necessary toiincrease the size of the feeder. 
It will also be seen that the harder the type of roadway, 
i.e. the more it costs to excavate and reinstate, the 
more substantial are the benefits derived from the con¬ 
duit system. 

• * . 

(3) Distributors.. 

Single-core cables ,—Owing to the ± 4 per cent voltage 
variation at consumers' terminals stipulated by the 
Electricity Commissioners, the choice of the type of 


Table 3.* ’ 

Cost of Feeders (600 amperes) per 100 yards. 


. - 

Lead-covered, steel-tape-armoured. 




1 



Type of roadway N . 


laid direct 


ii'iainiead-oovered, drawn-m 

Vulcanised-bitumen, laid solid 

3 single- 
core cables 

8-oare-cable 

Triple- 

concentric 

cable 

.8 single- 
core cables 

3-core cable 

Triple- 

concentric 

cable 

3 single¬ 
core cables 

3-core cable 

Triple- 

concentric 

cable 

Sets on a 6-in. concrete 


£ 

£■ 

• .£ 

£ 

£ 

£ 

£ 

309 

xt 

foundation .: • ; ^. 

230 

238 

238 

308 

308 

320 

301 

323 

Waterbound macadam- . ,, 

146 

163 

153 : 

•218 

218 

230 

212 

220 

233 


It is also apparent from these figures that the cheapest 
way to lay cables is to lay them direct in the ground. 
There is little to choose between the conduit and solid 
s^tems, but both these are considerably more expen¬ 
sive to install than the direct system. . 

As already pointed out, -the first cost in laying down 


cable to be used for distributors is very rarely affected 
by the maximum current-carrying capacity, the size 
required depending upon the voltage-drop when the 
cable will be carrying the maximum current with which 
it will have to cope. 

Apart from the cost of various t 3 q)es of distribution 


Table', 4. 


Typeofioadway 


Sets on a 6-in,, concrete 
foundation .‘ . 

Waterbound macadam 


Lead-cove 

red, steel-tape 
laid direct 

-umouxed, 

1 

Plain. lead-coveied> dniwn-Sn. 

Vulcanized'-bitumen, laid solid 

8 single¬ 
core cables 

3-oore .cable 

Triple- 

concentric 

cable 

8 single- 
core cables 

8-core cable 

Triple- ’ 
concentric 
cable 

8 single¬ 
core cables 

3-corc cable 

Triple- ’ 
concentric 
cables 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

. m: 

128 

130 

19 

12 

14 

186 

167 

166 

64^ 

44 

46 

• 19 

12 

14 

96 

• 77 

'e 76 


a feeder is not the only consideration. When provision 
has to be made for future extensions aad vrhen the cost 
of repairing faults in cables laid under certain types of 
roadway ^at are both expensive tb 'exHvate'and to 
reinstate is borne in mind, a ponsidmble ultimate 
sa^mg be effected by incurring ,thj? increased initial * 
wst of the condiwt systW,,a fapjt clparly demonstrated 
y an examination of the, figuries shown im.TabJe, 4.,.j 




systems, the most important factor is that of continuify 
of , supply in case of breakdown, and in this respect 
distributors composed of three single-core, lead-covared 
cables, used in conjunction with a similar type of feeder, 
form the best arrangement. Thi^.is .because ,a -fault 
can occur on one core wiihout either of tlie otfu^s Jb^g 
aJected, a rare occurrence on a multicore'cable,, .Should 
■one of the Jive caMeSjbreak down, tins cable uipne n e^ 
(provided that,, by so doing, .excessive lo/^d 
would not be thrpwn .HPon the neutnd:.«^Vlei» cpn- 
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sumers connected to the other :side being in no way 
affected. 

A simple earthing device at the station reduces to 
a minimum the possibility of even this partial discon¬ 
nection, and at the same time diminishes the cost of 
network boxes by allowing the more simple and reliable 
link box to be substituted for the majority of the fuse 
boxes (see Fig. 2). Wlien an earth occurs on one of 
the '' outers " it simply blows the light earthing fuse, 
and the neutral and other outer are respectively raised 
or lowered to 240 volts and 480 volts above or below 



Two MO'V 
lampe 
in sexiee 


system), in order to isolate completely the district 
in which the fault has occurred and allow the rest of the 
supply to continue undisturbed. 

A point in connection with this system of earthing 
that should be carefully home in mind is that the 
neutral cable under normal conditions may have an 
earth fault without the supply being in any way affected. 
Should an earth then occur on either the positive or 
negative cable there will be a short-circuit, varying in 
magnitude according to circumstances, between the 
.two faults, and this will r^nain until one of the faults 
bums itself clear or is isolated, by the operation of 
fuses. To guard against this possibility the neutral 
should, at periodical and convenient times, be raised 
to the potential of one of ihe outers through, a light 
copper fuse, and any earth faults thus detected should 
then be immediately located and repaired. 

Due to the fact that the potential is removed from 
the fault when the light earthing fuse at the station 
is blown, very little damage is usually done to the cable, 
provided that water has not penetrated through to the 
insulation. It is very often found in such instances 
that a new piece of cable is not necessary, as the fault 
can be repaired by simply stripping back a portion of 
the lead covering and, after taping the damaged part 
of the insulation, sealing it up in a cast-iron joint box 
or lead sleeve. This considerably reduces the cost of 
making the repair. 

When ‘the actual repair of a fault on one of the cables 
is considered this system shows up to further advantage, 


,Fig, 2.—Method of earthing the neutral bar at the 
substation. 

earth potential, as the case may be. The system will 
then contrnue to operate with one of the outers 
earthed instead of the neutral. Whilst this involves no 
danger to the electrical system, there is a greater risk 
of shock from the higher potential at which'the un¬ 
earthed ^pole is* then operating. Such a fault must 
therefore be. cleared as soon as possible.* 


because.:— 

(1) The work can be left over, if desired, until such 

time when the least inconvenience will be 
caused to the consumers. 

(2) When locating the fault, only the faulty side 

need be discoimected. 

(3) The time taken to make a straight joint is very 

much less than with a multicore cable; and 
therefore the distributor can be put into com- 
, mission again in a shorter time. 



TMs arrangement offers no relief to the network 
when a fault takes place between cables, an occurrence 
which, though uncommon* must be provided for. For 
this reason it is not advisable* to run the network 
without any fuses whatever, for should a ‘short-circuit 
develop between two cables the fault must bum itself 
clear. During this time the cables leading up to the 
fault are liable to damage; and the supply for the whole 
town is subjected to violent fluctuations <of voltage- 
This difficulty is overcome by installing a few heavy 
fuse network boxes at certain points {their exact posi’- 
tion being determined by thedayout*of the. particular 


. By using a cable in which is incorporated a thin cbpper 
testing-strip, Ughtly insulated from the lead sheathing, it 
would be possible to locate a fault without actually cut¬ 
ting the core, wMch means that there would be no need 
to disconnect the faulty cable Until the fault has been 
found and everything is ready for effecting the repair. 
In fact, if the cable is fed from both ends* and it is found 
necessary to insert a new length of cable, this could 
often be done without interrupting the supply at all. 

. The method of coimecting up this copper strip is 
shown diagrammatically in Fig. 3. It should be bonded 
across ah straight join*!® and setyicS joiiits on the cable 
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and brought to a terminal in each network box. Being 
lightly insulated from the lead covering, under normal 
circumstances it should test clear of earth and of the 
core. Its value in aiding fault-finding is based on the 
assumption that wherever a fault occurs from the core 
to earth the strip will be brought into contact with either 
the core or the lead covering, perhaps both. By testing 
to earth at the terminals T the faulty strip could be 
located; then by cutting this strip and testing both ways 
the fault may be found without interrupting the supply 
or cutting the cable, resulting in fewer straight joints. 

A further advantage of the use of single-core cables 
is that the numerous tappings taken oif distributors 
are more simple and easy to make and therefore more 
reliable. Also,, when making such connections it is 
not necessary to make the cable dead. This fact, from 
the points of view both of the supply undertaking and 
the consumer, has beneficial results, because there is no 
loss of revenue during the time the connection is being 
made, and no inconvenience is caused to consumers. 

This latter reason is of even more importance 
the former and is often not fully, appreciated by the 
officials of some undertakings. A. comparatively trivial 
loss to the supply undertaking might be a matter of 
considerable concern, for instance, to small shopkeepers 
who use motors in their businesses. Interruptions 
should be cut down to a. minimum as they only tend 
to cause dissatisfaction with electric supply. Many 
new consumers are obtained on the reconunendation 
of old ones; their goodwill is therefore something to 
strive for and no effort should be considered too great, 
no detaU too trivial, in the endeavour to establish it 
on a firm and lasting basis. 

Thtee-'COfe cables ,—A network in which three-core 
cables are used for the distributors has not the same 
attractive features as those outlined, in the system 
described above. The earthing of the neutral through 
3. light fuse is unsuitable with such cables. The reason 
for this is that in a three-core cable, whilst it is possible 
to have a fault to earth on one live core without the 
others being affected, the time usually necessary for 
the trouble to spread and cause a short-circuit betvireen 
cores is too^ brief for any material advantage to be 
gained by its adoption. It is thus usual for the 
neutral to have some form of permanent earth con¬ 
nection and for suitable protection to be provided to 
operate on a fault to earth or between cores. 

The protection of a distribution system is necessarily 
a compromise between conflicting conditions. On 
account of their low cost and simplicity, fuses installed 
in network boxes or pillars at convenient junctions 
of distributors are relied upon to isolate a faulty section. 
The inherent weakness of the fuse is, however, plainly 
demonstrated on heavy faults, when, due to its lack 
of discrimination, large healthy areas are cut off together 
with the bad ones. For this reason, fusing points should 
not be multipUed unnecessarily. Besides being more 
expensive, the introduction of fuse boxes in the place 
of ^e link boxes decreases the reliabiHty of the network. 

As .It is, not necessary to cut any of the cores when 
a service connection is being made, the supply need not, 
in cases pf urgent necessity, be interrupted during such 
time; but wherever possible it is better to make the dis¬ 


tributor dead, as this allows the jointer to work in absolute 
safety and better workmanship is thereby obtained. 

Trouble has recently been experienced on three- 
core distributors due to the straining of the cores when 
they are wedged apart to allow service connections to 
be made. When such connections are numerous, this 
strain may become serious. To overcome this diffi¬ 
culty, Messrs. Callender's Cable and Construction Co., 
Ltd., have produced a three-core cable the section of 
which is shown in Fig. 4. In the centre is a hemp 
core, around which are placed the three conductors 
which, in turn, are separated from one another by 
means of three more hemp cores. When a joint is 
being made these hemp cores are all cut away, thus 
leaving the conductors sufficiently spaced to allow the 
soldered connections to be effected without any strain¬ 
ing whatever, and with much less risk should the cable 
be alive whilst the work is being done. Though a 
vulcanized-bitumen cable is shown in Fig. 4 the lead- 
sheathed type is more commonly used. 

Triple-concentric cables ,—^The triple-concentric cable 
has such obvious disadvantages for low-tension d.c. 
distribution systems that it is remarkable that, any 



Section 

Jate serving 
Conductors 
-IkiJurcr cores 
-Bituniendienth* 
-Pa^exmeuUtirai 
Pidkmjg* 



Fig. 4.—Three-core, paper-insulated, vulcanized-bitumen 
cable with dummy cores, and its diameter compared 
with that of a standard three-core cable. 


undertaking ever adopted it for that part of a 
network where, owing to the smaller sizes Of cables 
generally used, a three-core cable is possible. It 
has most of the disadvantages of the three-core 
cable enumerated above, as well as additional ones, 
against which it can only show a slight superiority in a 
reduction of cost and diameter. In addition, there 
are disadvantages arising out of the method of jointing. 
How the outer cores have to be stripped back to give 
access to the inner core is plainly shown in Fig. 6. To 
do this it is essential to make the cable dead if due con¬ 
sideration is to be given to the j ointer's safety. Further¬ 
more, when the connection is taken off the inner core, 
definite gaps are left in' the continuity of the outer and 
middle cores and these have to • be bridged by special 
fittings, resulting, in two soldered connections on each 
of these cores. It wiU readily be appreciated that, 
however well these soldered connections are made, they 
can never be as reliable as the unbroken core of a three- 
core or single-core cable; moreover, joints have some¬ 
times. to be made under very adverse conditions which 
militate against good workmanship. 

The. inner and middle cores of a triple-concentric 
cable, are usually connected to the positive and negative 
poles, the smaller outer core forming the neutral. This 

arrangement, is. maintained, throughout, the system so 
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that a joint cannot unwittingly be made with the wrong 
polarity. 

With lead-covered armoured cables laid direct there 
would, however, seem to be something in favour of 
the outer core being made positive, the middle neutral, 
and the inner negative. In this case the lead sheathing, 
which is bonded throughout the network, provides a 
direct metallic connection between a faulty positive 
core and the station earth plate. Should a cable so 
connected be damaged, perhaps by the inadvertent 
blow of a pick, causing the lead sheathing to be pierced 
and come into contact with the live outer core, a fault 
is immediately apparent and can be repaired at once 
and at a low cost, which cost can be recovered from the 
authority responsible for the damage. 

Supposing, however, that the outer core had formed 
the neutral, the man with the pick would not be aware 
of any trouble and no indication would be perceived 
at the station. After a lapse of perhaps months, when 
all recollections and evidences of the roadway having 


and thus allow water to enter and ultimately cause a 
breakdown. How true this is can readily be appreciated 
by mains engineers, who generally find the majority 
of their faults taking place either at joint boxes or in 
close proximity to them. 

Distributor cables, even more than feeder cables, 
should, wherever possible, be laid under the pavement. 
The advantages gained by so doing are many, the most 
apparent being :—. 

(1) All service cables are shorter and therefore 

cheaper. 

(2) Owing to the absence of heavy traffic over them 

they can be laid much less deeply, depths of 
12 in. to 18 in. being as a rule sufficient, result¬ 
ing in less expensive trench work. 

(3) The ground around the cable is usually drier. 

(4) Repairs are cheaper. 

(5) More room is obtained, as gas, water and sewage 

mains are usually all in the roadway. 


Table 6. 


Cost of laying 0*2 in. X 0^1 sq. in, x 0-2 sq. in. distributors per IQQ yards. 



Lead-covered, steel-tapo-armoured, lai^ direct 

Vulcanized-bitumen, laid solid 

Type of ground surface 

3 single-core 
cables 

3-core cable 

Triple- 

concentric 

cable 

3 single-core 
cables 

3-core cable 

Triple- 

concentric 

cable 

Sets on a 6-in. concrete foundation 

£ 

213 

& 

204 

£ 

201 

£ 

260 

£ 

238 

00 

Waterbound macadam 

128 

120 

117 

170 

149 

148 

Flagged pavement. 

120 

111 

108 

161 

140 

139 


been disturbed have gone, a fault will be found to have 
developod due to water penetrating through the punc¬ 
tured sheathing. The fault is not now so easily traced 
and perhaps large expenditure is incurred which would 
not have been necessary had the circumstances been 
as in the case previously described. Moreover, due 
to lack of concrete evidence, blame cannot be fixed on 
any other authority, wliich means that the whole 
cost of the repair has to be borne by the supply under¬ 
taking. Making the outer core positive would also tend 
to prevent moisture from penetrating to the inner 
portions of the cable. 

» Method of Laying. 

Drawing cables into ducts offers no considerable 
advantage for distribution work, so that the choice 
is limited to the direct and solid methods. In con¬ 
nection with these there are no new points that did not 
arise when reviving their application to feeders. 
There is, however, one weakness in the solid system 
that is not of great monien-t on a feeder, but its presence 
is very much more likely to cause trouble on a distributor 
on which there will usually be numerous joint boxes. 
However well a joint is packed up below, pressure from 
above will cause it to sink slightly when the ground 
. i^ filled in. The subsidence of the box is liable to crack 
the bitumen at the joint of the bok and troughing 


Costs of Distetbutors. 

Table 5 shows the comparative costs of laying 
distributors under different types of ground surface, 
•while Table 6 gives the approximate depths of track 
that have been allowed for in each case. 


Table 6. 


Depth of Track for Distributors. 


Type of ground surface 

Cables laid . 
direct 

Cables laid solid 

Sets on a 6-in. con¬ 
crete foundation •. 
Waterbound macadam 
Flagged pavement .. 

2 ft. 0 in. 

2 ft. 0 in. 

1 ft. 3 in. 

2 ft. 6 in-3 ft. 0 in. 
2 ft. 0 in. 

1 ft. 3 in. 


It -will be seen from these figures tiiat 
ittle difference in the costs of three-core' and tnp e- 
joncentric distributors, whatever difference there is 
jeing due to the slightly higher cost of the three-core 
iable. There is thus no financial justification for tne 
irefermce of this triple-concentric cable, with itsmberent 
lisadvantages. 
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involwe made up of tliree single-core •cables 

other more <expenditnre .than either of the 

from * "though this extra cost- detracts very little 

alrsTfi-.,! ”^a-aifold advantages, and, for the reasons 
‘ y ©xplamed, the additional outlay is fully justified. 


Looped Neutral Services. 

While dealing with the subject of distributors it 
aught not be out of place to put forward a sugg^on 
which the author considers will greatly facilitate the 
location of faults on vulcanized-bitumen triple-con- 



As previously stated, the chief factor in determining 
the size of a distributor is the maximum voltage-drop 
allowable so as to comply with the Electricity Commis¬ 
sioners’ regulations of ± 4 per cent vanation in voltage. 
It is not, tlierefore, generally possible to take much 



ad vantage of the higher permissible current-carrying 
capacity of aingle-^core cabled but it is well to remember 
that this gpod quality is a useful stand-by in cases of 
emergency overloads jna^ be. leniporarily thrown 

on to a .particulat disttbutoc' due to a breakdown at 
some other point of the network.' 


centric distributors up to about 0-2 sq. in. cross-section, 

•As faults on modem cables are usually due to extmnal 
caim^, the majority of faults on a triple-concentric 
distributor axe between the middle and outer cores, i.e. 


^se 

hot 




Reniflvable 









Hentfal 

linkhox 


I&Z3I 


T.C. Service caHe 



.Bio. 7.—CpimectiOM for a ''.IoQped-neutral.’.’ service using a 
tnple-concenipc cable with the injjjer core alive., . 

he^een negative and neutral, ttfa being ihe case, it is 
only necessary to cutthe neutr^ coretoena,bleatest to be 
taken that will show in which direction the feult lies. 

If the neutral of thq distribptor is looped in at several 
of the services along its length, a convenient method of 
breaking ite contmuity is provided without "rmy «<». 
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vating being necessary, thereby effecting a considerable 
saving in time and money (see Fig. 5). The fault having 
been traced to a position between two consumers in 
whose premises the neutralis disconnected, the supply can 
now be restored to all the consumers with the exception 
of those tapped off the faulty length. If the fault be 
between all three cores the positive and negative cores 
should be bridged at the network box and only one 
fuse replaced. 

Where it is decided to adopt this system on an exist¬ 
ing distributor that is not already supplying all the 
possible consumers, it can be installed whenever a 
suitable service is being laid, so that no scrapping of 
existing material is necessary. 

The increased cost of such services depends upon their 
length and the size of tlie distributor, and amounts to 
from 26s. to £2 for short services. The saving in the 
event of ona fault may cover the extra cost of many 
looped services. 

Figs. 6 and 7 show the arrangement employing three- 
core and triple-concentric service cables. 

(4) Services. • 

The t 3 rpe of cable and the method employed in laying 
tlie distributors is usually adopted for the services 
tapped from them. This preserves tlie symmetry of 
the network and generally simplifies the connections 
in the-service joint boxes. For this reason, before any 
particular system for the distributors is decided upon 
the question of services should be considered. 

As in the case of feeders and distributors, single¬ 
core lead-covered armoured cables possess the most 
advantages for services. One advantage of this t 3 rpe 
of cable is that the risk of fire is greatly reduced. A 
fault on such a cable inside a consumer's premises has . 
only to blow the light station earth fuse to clear itself. 
With a concentric or twin cable, however, the heavy 
street fuses on tlie distributors have to' blow before the 
fault is Cleared, and in the meantime a fire may have 
been caused. For this reason concentric or twin service 
cables should be laid with more care inside the consumer's 
premises, anything inflammable being strictly avoided. 

The service joints on single-core cabled are simple 
to make, resulting in an increased reliability which 
more than counterbalances the necessity of having two 
or three service boxes for direct-laid armoured cables, 
in place of the single one used for multicore cables. 
The time taken by the jointer to fix the additional joint- 
box does not in practice affect the cost of the service, 
as a standard time, based on average circumstances, is 
usually allowed for the completion of ordinary services. 

The armoured service is so much easier to lay, under 
all conditions, than is the vulcanized-bitumen solid- 
laid service, that some undertakings actually connect 
armoured', service cables to .-.old vulcanized-bitumen 
distributor. This fact eloquently supports the armoured 
cable's plaim to priority, . . 

In the .author's-experience the yreakest point in a 
vulcanized-bitumen service , laid solid is where the cable 
passes through the. outer wall of the building here 
it may take a..sharp? upward bend to the cut-outs. 
If the wall is!thick the difficulty of making .a sound 
job of the trpudhing may contribute towjards ttxe frequent 


breakdowns that occur at this point on old services, 
but as bitumen is readily attacked by alkaline salts 
the lime in the wall is probably the cause of most of 
the trouble. At all such points the cable should be 
drawn through small earthenware pipes with suitable 
bends and filled with bitumen. 

Where the service cable has to cross a hard road or 
any other ground that is expensive to excavate and 
reinstate, it is advisable to draw a lead-covered cable 
through small earthenware conduits, in order to lower 
the cost of repairing faults that might occut on that 
section. These conduits should be - short—^not mote 
than 2 ft. in length—to enable the numerous pipes, 
etc., that are often encountered when crossing a road 
to be more easily avoided. 

For large consumers who cannot afford to be shut 
down for any length of time in the case of a fault, it 
is very often expedient to loop a three-core or triple- 
concentric distributor into their premises so that they 
can always be given a supply, even though a fault may 
exist on either of the two sections of the distributor 
suppl 3 dng them. This is not necessary on single-core 
lead-covered systems, due to the freedom from inter¬ 
ruptions of supply experienced on such systems^. 

(6) Conclusion. 

Sufficient has now been said of the various types of 
cables and methods of laying to enable a conclusion 
to be arrived at as to which is the most suitable system 
to be laid down, taking into consideration first costs, 
future extensions, load migration, maintenance and 
continuity of supply. 

For feeders* 

(1) Three single plain lead-covered cables drawn 

into earthenware conduits. 

(2) Where future load has not to be provided for and 

where the feeder can be laid in good soft ground 
and free from the danger of electrolysis, three 
single armoured cables laid direct would be 
-•suitable. 

(3) Where the authorities have not much road space 

available, a three-core lead-covered cable may 
‘ be drawn into conduits, but this * will,. forfeit 
the special advantages of single-core cables. 

Where a multicore cable is desired larger than 
0*6 sq. in. x 0*26 sq. in. X 0*6 sq. in., a 
triple-concentric cable is necessar 5 ^ 

For distributors. 

(1) Three single lead-covered steel-tape-armoured 
cables laid direct with tile covering. 

In a locality where there is a danger of 
electrolysis, jplain lead-covered cables should 
be substituted for the armoured cables and ‘laid 

solid in separate earthenware troughing ^with 

tile covering. • i > • ' ^ 

. (2) Where the feeder system is. three-core or triple- 
; concentric,, three-core distributors «could be 
. . used, as most of the advantages of single-core 

distributors ^depend, upon* the • whole • system 

j s being made up of a similar .type of Gable.- 
. . . TripleTCOncentric., distributors ^ shouldf^ .be 
avoided.. 
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For services, 

A type of cable similar to that used for the 
distributors. If the distributor is laid solid it 
is often more convenient to lay armoured services 
direct in the ground. 

The author wishes to express his thanks to Mr. J. S. 
McCallum of Messrs. Callender's Cable and Construction 
Co., Ltd., for the trouble he has taken in furnishing 
him with the prices of cables, etc., used in the fore¬ 
going calculations. 


APPENDIX. 

Economy Law for Feeders. 


Running cost (in £) of energy lost in cable per annum 


c= watt-hours lost x running cost (in £) per watt- 
hour generated 

=r (R.M.S. current) 2 x No. of hours per annum x 
resistance of cable x running cost (in £) per 
watt-hour generated 


^I^XT X 


2lr running cost (in pence) per unit 
1000 ^ 240 X 1 000 


Ih-Wd 
1-2 X 108 


(in£) 


( 1 ) 


Capital charges per annum on extra plant, etc., re- 

21^rl watts 

quiired to meet the demand of • 


21^rl 


1000 


1000 


X capital charges per watt of plant, build¬ 


ings, etc. 


2Prl 


^ cost per kW ^ percentage allowable 


1000 X 1000 of plant, etc. for capital charges 
xCiX^(m£) 


10 « 

0-6 X 10® 


(in £) 


( 2 ) 


Capital charges per annum on cost of cable and laying 
= total cost of feeder x percentage allowable for 
capital charges 

Uo 

. = length of cable x cost (in £) per yard X 


10^2 

100 


(in£) 


(^) 


where I = maximum current to be allowed for, 

r = resistance per 1 000 yards of conductor, 

I = route length of cable, in yards, 

T = number of hours at which the maximum 
current I would have to flow to produce 
the same energy loss in the cable as would 
take place, during the year, with the usual 
fluctuating loads, 

d = running cost per unit generated, in pence, 

= cost per kW of plant, buildings, etc., in £, 

O 2 = cost per yard of cable and laying, in £, 

= percentage to be allowed for capital charges 
on 

^2 ~ percentage to be allowed for capital charges 
on 

The whole formula now reads :— 


Total charges (in £) ~ 


I^rlTd 

1-2 X 10® 0-6 X 10® 100 


or, as Z/100 is common in all expressions, thp most 
economical size of cable is obtained when the value 
of the expression 

I^Td 

1-2 X 10® 0-6 X 10® 

is a miniihum. 

When it is desired to use this formula to ascertain 
whether or not the installation of a new feeder would 
be an economical proposition, tlie following slight 
variations are necessary:— 

Equation (1) should represent the saving ii?. the cost 
of energy wasted that would be effected by the addition 
of a new feeder. 

Equation (2) should represent the saving in capital 
charges due to . the smaller amount of plant required 
to cope with the reduced losses. 

When (1) plus (2) is greater than (3) a saving would 
be effected by laying a new feeder, of the size allowed 
for in the formula. 

When (1) plus (2) is less than (3) the capital charges 
on the cost of the new feeder, would outweigh any saving 
due to a higher resultant efficiency. 


Discussion before The Institution, 8 January, 1926. 


Mr. W. E. Highfield: I agree generally witli the 
author's recommendation that feeders shauld .be lead- 
covered cables drawn into conduits... I should not go 
so far as the author does in adhering to three single 
cables, because I think the three-core cable has much 
to recommend it. In town area^, where the load can 
be‘fairly accurately estimated, three single cables are 
advantageous to use. In a growing area, such as is 
^empliged in the.paper, one presupposes a considerable 
aittount of suburban property, probably dwelling 


houses, with roads of macadam or asphalt. Under 
such conditions it is not onty impossible to estimate 
the growth of the .load but it is equally impossible to 
estimate the load centre. Consequently, when exten¬ 
sions are required, it is not necessarily a question of 
just strengthening the cable; it may mean running 
anotlier cable along a new but adjacent route. I think 
that the author overstresses the value of the cable 
loadings. The loading is not always settled by the 
full-load ratings,. With a booster on each feeder the 
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full-load ratings might be reached, but in practice the 
most that can be obtained is two voltages from two 
sets of busbars and this forms a determining point. 
The author alludes to the difficulty of pouring bitumen 
without air bubbles in it. Bitumen can be poured 
without air bubbles if a sprinkling of sharp sand in. 
thick is laid in the bottom of the trough. The hot 
mixture,* as it is poured in, explodes any moisture into 
steam, and the sand provides, momentarily, a path for 
the escape of ^•his steam. I have had samples of mixture, 
poured in this way, that were quite solid and able to 
withstand 120 000 volts (a.c.) on a thiclmess of | ih. 
For distribution I prefer lead-covered cable to the 
armoured t 3 rpe advocated by the author. Armoured 
cable is difficult to handle, and it is also difficult to 
remake the continuity of the armour once the latter 
has been cut. It is impossible to clamp straight on to 
the lead and possibly the best way is to slip a ferrule 
under the steel and clamp on to that. The system 
depends almost entirely on the type of box used, and 
tliat is not described in the paper. 

Mr, H. A. Ratcliff: There are frequent references 
ill the paper to the permissible loading of cables; but 
ill the case of cables laid in-town streets there are fre¬ 
quently so many factors involved that definite loading 
values are practically indeterminate. Fortunately, how¬ 
ever, in the case of low-tension cables this is not of 
much consequence, since the loadings are limited by 
other considerations to values which are usually well 
witliin those based on the maximum permissible tem¬ 
perature of the cables. There is a possible exception 
in the case of vulcanized-bitumen cables, owing to tlie 
risk of decentralization of the conductor; but cables 
of this type are now rarely employed. In the case of 
either three-wire d.c. or four-wire a.c. distributors I 
strongly advocate the use of a neutral conductor of 
the same sectional area as the outers. In the case of 
feeders, however, as the neutral conductor only carries 
the resultant out-of-balance current, and, moreover, as 
there will usually be at least two feeders to any section 
of the network, a neutral conductor having half the 
sectional area of the outers is permissible. Experience 
has fully justified the use of tlie larger neutral con¬ 
ductor, since more complaints of low pressure arise 
from bad balancing than from actual pressure-drop in 
the distributors, and further, in the case of heavy 
network currents arising from short-circuits on the 
system there is less risk of damage to cables beyond 
the immediate vicinity of the fault when all the con¬ 
ductors ^ire of the same sectional area. The reference 
to the shifting of the nodal points on a network is very 
interesting as the experience is by no means an un¬ 
common one. The reason for it is not always ve^ 
obvious, but it is probably largely due to certain 
industries becoming more or less localized, and the 
fluctuations in trade not occurring simultaneously in 
the difierent industries. Effects of this nature were 
much accentuated, by the conditions prevailing during 
the war. The outward* migration of the population 
usually- results in an increase of the load in the central 
area, due to the conversion of houses into business 
premises or factories. The determination of the inost 
suitable- size for a feeder is, as the authpr states,; • largely. 


an economic problem; but electrical problems also 
arise in connection with the maintenance of pressure 
at the feeding point and the provision of suitable 
regulating apparatus. It is always advisable, if possible, 
to avoid an undue multiplicity of busbars and boosting 
arrangements. For this reason expediency is usually 
the most important factor in feeder calculations, and 
as a rule it pays to provide a feeder of ample size for 
the probable requirements of the locality concerned. 
Unfortunately it is not always sufficiently appreciated 
that feeder losses are essentially peak-load losses, and 
hence relatively very expensive. The consequence is 
that in many cases the money spent on peak-load 
plant and the incidental complications might with 
advantage be put, into the feeders. In connection wifh 
the economy calculations the factor T in the author s 
calculations appears to be rather cumbersome, and 
usually in calculations of this nature it is more con¬ 
venient to introduce the load factor of fhe copper 
losses. For an average daily load curve, if J?* is the 
load factor of the load, it is usually sufficiently accurate 
to assume that fhe load factor of the copper losses is 
Jp3/2. If provision is to be made for a subsequent increase 
in tile size of a feeder, the better plan is to lay the 
initial feeder of half the ultimate size, and at a later 
stage to draw in another feeder of equal capacity. 
This provides a greater carrying capacity in case of 
emergency, there is less risk of total failure, and if 
necessary half the feeder can usually be disconnected 
for testing or repairs. The question of direct laying 
versus conduits is a very debatable one. The laying of 
conduits in city streets is frequently attended with 
many difficulties, and although conduits admittedly 
possess many advantages for feeders, telephone cables 
and pilot cables, they have very few real advantages 
in the case of distributors. Unless conduits ^e very 
well laid, lead-covered cables are very apt to fail at the 
duct joints, and a further possible disadvantage of 
conduits is that they provide facUities for the passage 
and accumulation of water and gases. Where it is 
possible’to use them, steel tubes in some cases possess 
advantages and, furthermore, they provide an additional 
protection against troubles arising from electrolytic 
action. Wooden troughing cannot be too strongly 
condemned ; it very soon ceases to support the cables 
in any way, and, when it commences to rot, the resulting 
organic acids have a detrimental effect on the cables. 
Experience has shown that true electrolytic action due 
to stray currents is of comparatively rare occurrence, 
and troubles of this nature are usually due to direct 
chemical action, frequently of a catalytic nature, and 
also occasionally to electrochemical actions ansmg ^ffoin 
leakage from the cables concerned, as the result of 
mechanical damage. It is, therefore, essential ^at all 
cable sheathings should be effectively bonded and 
earthed at suitable points. As there is no reference to 
this requirement in the paper, the authors view on 
the subject would be interesting. His condonation of 
armoured cables in ducts is rather surprising. Wire- 
armoured cables possess some advantages wh^ drawn 
into conduits and, moreover, the Bri^h Electrical and 
AUied Industries Research Association reco|nize an 
increased loading for cables so armoured. Where it is 
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possible and economically sound to use them, single- 
core cables are preferable to either three-core or triple- 
concentric cables,, except in the smaller sizes, when the’ 
increased diameter and mechanical strength of a multi- 
conductor cable is a distinct advantage: Unfortunately 
the author's case for single-core cables is largely based' 
on the assumption of unduly high current densities. 
Triple-concentric cables possess many disadvantages and 
o^y one real advantage, which arises from the possi¬ 
bility of making the positive conductor the outer, and 
the neutral conductor one of tlie inners. With this 
arrangement of conductors, earth faults on the negative 
and neutral conductors are impossible, osmotic troubles 
are entirely eliminated, and Ihe comparatively rare 
earth faults on the positive conductor can be quickly 
located. 

Mr. L. W. Perryman; The author speaks of a 
testing wire as a means of locating a fault; this is- 
equally applicable, I think, to triple-concentric cable 
systems. I do not agree with his view that the triple- 
conceutnc dable is‘the worst of the three forms enu¬ 
merated ; I believe it to be the best as it is far more 
compact and there is but one cable to lay instead of 
three. In the case of single-core cables there are three 
to lay, requiring far more space, and it is important to 
note that, in towns especially, space is very limited, 
and for this reason armoured cables laid direct are 
certainly the most suitable type for getting round 
obstructions. The author points out that if he gets a 
fault on one of his outers, either positive or negative, 
he can, by opening his neutral at two points where he 
tak^ it into the consumer's premises, isolate the faulty 
section of his network and so maintain the normal 
supply to the rest of the system. That is so. Gn 
triple-concentric networks faults are cleared, either by 
the fuses blowing in the street boxes or bring removed 
on either side of the fault; also some indication is 
given at the time on tlie eaxth-current ammeter at the 
station and thus gives a warning. Even if the fault 
develops, the currents going to earth are a minimum. 
With single cables laid in the ground a short distance 
apart, however, it is possible to have either the positive 
or negative main leaking to earth and for currents of 
considerable v^ue to traverse the ground and produce 
electrolyric action on gas and water mains, and damage 
to Post Office wires, etc. In general I think that, 
^cept perhaps in. specialr cases, the concentric system 
^oughoutis .the simplest method for both feeders and' 
distributors. The main advantage of single cables, from 
my point of view, is that- new consumers can be con¬ 
nected without disturbing the old ones, as each of the 
can be jointed singly; the same can be done on 
tople-concentric cables, but it is not advisable and I 
briieve that the practice is being discontinued. 

Ambrose: The author states that the size 
of the three-core cable is limited to 0*6 sq. in. This is 
however, quite a large section for a distributor, and I 
*hiuk that there are many instances where it 
would be necessary to use a larger cable. He also 
mentions the advisability of making trial holes before 
laying conduits, but that appUes also to cables laid on 
^ ^lidisystem and, to some'extent also* to cables laid 
darecti; If cables haive- to be laid in a road which is 


likely at some not very distant date to be widened, 
there is everything to be said for laying them in conduits; 
because when the road is ultimately widened it may be 
possible to-put the cables under the footway. It is 
only necessary then to lay the new distributors under 
the footway and draw out the«old ones from under the 
road. The author advises the draining of conduits and 
making arrangements for a fall into the manholes. It 
might even be possible to discharge them into the 
Corporation drains, but then some sort of non-return 
valve would be necessary. Very often in a new district 
that has not been thoroughly drained, the conduits will 
act as the drain, and so long as the water does not lodge 
anywhere I do- not think that very much damage is 
done. Regarding his objection to the use of lead- 
covered and braided cables drawn into conduits, I 
think that, providing a conduit of not less than 3 in. 
internal diameter is used, there will be no difficulty in 
I witlidrawing the cable, even if the braiding does rot. 
I have experienced no trouble of that nature. The 
author speaks of cables laid on the solid system. The 
great disadvantage of this system is that the work 
cannot be done very well in wet weather. Another 
disadvantage is that if the cable is being laid on a 
hillside, all the compound may collect in the valleys. 
Again, extra care must be taken to see that moisture 
does not get into the troughing. It is very difficult to 
get bitumen to adhere to earthenware in such a manner 
as to ensure tliat no moisture is present. In speaking 
of distributors the author says on page 342 that three 
single-core, lead-covered cables form the best arrange¬ 
ment from the point of view of continuity, because a* 
fault can occur on one core without either of the others 
being affected, a rare occurrence on a multicore cable. 
If he means a fault on, say, the negative of a multi- 
core cable*, assuming the negative to be the intermediate 
conductor on a triple-concentric, perhaps he is correct; 
but, as Mr. Perryman said, it is possible to get a fault 
on the outer or earth conductor without ii^essarily 
having a fault on the intermediate or inner conductor. 

I do not, how'ever, agree with Mr. Perr5nnah that the 
moment a fault occurs on the oiiter or neutral conductor 
it is indicated on the station eartli ammeter, as unless 
there is some leakage on either the positive or negative 
there should not be any reading. It is the usual practice 
on a triple-concentric system to make the inner con¬ 
ductor positive, the next conductor negative, and* 
finally the outer conductor the neutral. The author 
advocates a reversal of this procedure, and there is 
something to be said for this arrangement—ther neutral 
conductor, which carries the least current, is situated 
where it will not do much heating. At the same time, 
however, any water that may enter the cable will be 
driven by osmotic action towards the centre of the 
cable. I do not like the author's method of earthing 
the neutral bar at the station or substation. I suppose 
the switch is dosed first on-one “graduated fuse, and, 
when that blows, on the next, until they are all blown! 
Whem this: occurs the neutral is probably 240 volts 
above earth potential.- It would be much better to tie 
the neutral down to earth by a resistance and shunt 
the resistance with a Circuit breaker' and ammeter, so 
arranged that whe^ the current rises above- the value 
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which is to be allowed with a direct earth connection, 
the circuit breaker opens and connects the neutral to 
earth through a limiting resistances This will at any 
rate prevent the risk of a 480-volt shock. The autlior 
refers throughout the paper to tape armouring, but 
this is most unpleasant to work. For armouring, it is 
better to use steel wire. Armouring gives trouble 
wherever a service has to be taken off, because of thfe 
bonding*. 

Mr. F. C. Raphael: I should like to refer, as 
previous speakers have done, to the comparison between 
three single-core cables and triple-concentric cables on 
the basis of current-carrying capacity according to the 
figures of the Electrical Research Association. It 
should not appear in our Journal, in the convenient 
form of a table and uncontradicted, that the cost of 
feeders or even of distributors is practically the same 
whether they are three single cables, three-core cables, 
or triple-concentric cables, because these costs in Table 3, 
which come out practically the same, are based on 
greatly different ratings. This is made clear if we refer 
to the curves in Fig. 1. The table relates to a 600- 
ampere cable, and it will be seen that the comparison 
of cost is made between 0*25 sq. in. for tliree single¬ 
core cables, 0*3 sq. in. for the three-core cable, and 
0*326 sq. in. for the triple-concentric cable. That is in 
the case of cables laid direct to the ground. In the 
case of cables drawn in, the sectional area taken is 
about»0*38 sq. in. for three single cables, 0*44 sq. in. 
for a three-core cable, and 0*61 sq. in. for a triple- 
concentric cable. If they are compared on those bases 
their prices may be about equal, but there are very 
few instances in which cables are rated according to 
their current-carrying capacity in the case of an 
ordinary three-wire system. They have to be rated on 
a fall-of-potential basis, and consequently no comparison 
can be correct unless it is based on the same sections of 
the cable, in which case the triple-concentric cable is 
at a very considerable advantage. This advantage 
compensates for certain inconveniences met with in 
connecting up. Then again, the author says that the 
total annual charge is the cost of the energy lost plus 
the capital charges on the cable. This is obvious. 
Kelvin's law, however, goes further and states that 
theoretically a given cable is most economical when 
that part of the capital charges which depends on the 
section of the conductor (not laying charges and so on) 
is equal to the cost of the energy lost. From a modern 
point of view the cost of that energy lost must not be 
taken at so many units at the average cost per unit, 
but at -fibLe cost at peak load, which is a very different 
matter. I am fully in agreement with the author on 
the question of vulcanized-bitumen cables. The solid 
S 3 rstem generally is, I think, getting rather out of date, 
except in those cases where it may be necessary to have 
particular protection against corrosion of the sheathing. 
The objection to wood troughing has already been 
referred to by a previous speaker, but vulcanized- 
bitumen cables laid in the old^ashioned iron troughing 
are even worse. The troughing is made up Of com¬ 
paratively short lengths of iron troughing, laid just 
inside one another without any bonding except the 
weight of the sections. When water penetrates into 


the’ duct or the in^latioh' Of the dable’ petishesi the 
current leaks first to'the duct and' thence, ei the bonding 
is bad and the resistaiice high in consequence, to the 
first gas or water pipe with which the duct is'in contact, 
and at this place an arO is set up. Within the past 
18 months I have met with at least four cases of pipes 
of other services being damaged bythat cause. Refer¬ 
ring to the use of tliree single-core cables for distributors 
the author says that, should one of the live cables break 
down, the consumers connected to* the othfer side wll 
in no way’be* affected. Is that really his experience ? 
Would not a breakdown of one of the outers cause a 
rise in pressure cSl the other outer ? The graded-fuse 
method is quite impracticable; if the fuse blows, one 
of the outers will be at 480 volts above earth potential 
and the other outer at zero poten'tial, and ■this dangerous 
condition will exist until 'the matter is put right. There 
is little to be said against -the well-known system men¬ 
tioned by a previous speaker of the circuit breaker ^d 
resistance in parallel, so that the resistance is inserted 
between the neu*tral and earth if a fault develops, but 
too much trust is placed in the earth ammeter. It may 
sometimes show faults in the neutral, but it cannot be 
relied upon to do so, and in any case the differences in 
the reading of the ammeter due to a fault in the neutral 
will not. be so great as those due to a fault on one of 
the outers. It is by no means impossible, however, to 
make periodical tests which take into account the 
insulation of the neutral. I will go further and say 
that when tlie Electrical Advisers to the Board of 
Trade permitted neutrals to be earthed through am¬ 
meters they did not relieve the undertaker of the neces¬ 
sity of making the other periodical tests on the network 
which are laid down in the regulations. The special 
cable manufactured by Messrs. Callender’s is interesting, 
but I do not know that it has been found very necessary 
in practice. I do not think that jointers experience any 
great difficulty in maldng joints on. three-core cables 
when ■tliey are alive—^in fact it is a matter of common 
knowledge that it is very often done. Much has been 
said as^to the way in which concentric cable should be 
connected—whether the neutral should be the outer or 
the inner conductor of the cable. Personally, I prefer 
the neutral to be the outer concentric conductor for 
; reasons which have already been stated. The proper 
place for the conductor at earth potential is obviously 
near the sheath. It is a protection, and it makes service 
connections much easier to carry out; if the neutral is 
made the middle conductor, both of the others have to 
be cut through for every service. I am not in favour 
of the looped-neutral method proposed by the author. 
I do not see that it will be of much assistance in finding 
faults, and if great care is not taken in renioving the 
links many lamps will be burnt out. If the method is 
only intended to be used when the system is dead it is 
another matter, but in any case it does not seem to be 
quite a sound plan to bring the main cable in and out 
of the consumer's premises. 

Mr. H. Brazil: l am entirely in agreement with thO 
author when he stresses the importance of continuity of 
supply, and for this reason I anti strongly in favour of 
single-core cables as against triple-concenttic cables, not 
only because there is less hkelihood of shorff-circuits. 
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but also, because new consumers can be connected with¬ 
out cutting off old ones. In this connection I should 
like to describe a method which we employ to hasten 
the restoration of supply after a breakdown. In Fig. A 
three feeders, A, B and C are shown, connected by 
distributors in which are placed fuses F. Each feeder 
has an automatic circuit breaker set at 2 000 amperes, 
the fuses blowing at 600 amperes. The circuit breakers 
have no time-lag, and apart from the diflSiculty of fitting 
these-to the existing breakers I do not favour them, 
because of the destructive effect on the mains and the 
possible formation of bitumen gas. Assume that a 
short-circuit comes on at X and thkt as a result all 
three feeder automatics come out, making the whole 
.section dead. If we try to restore one of these feeders 



Fig. A. 


by closing the circuit breaker, as there is a certain 
time-lag on the fuses the breaker may come out before 
the fuses blow, and it will not then be possible for the 
good feeder area to isolate itself. If, however, a feeder 
is made alive.through the resistance shown, tlie current 
on the first or the second step will be sufficient to blow 
the fuses without causing the circuit breaker to open. 
When all the resistance is cut out, if the ammeter shows 
that the feeder is taking its normal load it can then be 
plugged back on to the bank. If the next feeder tried 
happens to be tlie one on whose area the fault is, there 
are no fuses to blow, and the current will go on rising, 
until on the third step it will be sufficient to trip the 
circuit breaker. The operator then knows that this is 
the faulty area and leaves it dead. The remaining 
feeders can then be put in. in the same way, the faulty 
feeder area, broken up, and sections of it switched on 


through the resistance in a similar manner. While on 
the question of quick restoration of supply, I should like 
to visualize what might be done in the future. Most 
feeders have three-core pilots run with them, and when 
one remembers what wonderful things can be done with 
two wires, in the way of starting up, synchronizing and 
shutting dowm rotary converters from a distance, it 
would appear to be quite simple for three wires to open 
and close switches controlling distributors sittiated in 
the feeder chambers. One can picture the mains 
engineer of the future sitting in an office wdth rows of 
push-buttons in front of him, and ringing the changes 
until he has, without the help of any jointers, isolated 
the fault to one section of the distributor. 

Mr, J, S, Highfield: The author has invented an 
ingenious method of testing for faults by taking the 
two ends of a neutral conductor into a house or premises 
for the purpose of testing, but I feel that he may find 
he is in quite an illegal position if he enters a consumer's 
premises for the purpose of making tests on his own 
mains. 

Mr. J. G. Wigham: I fully agree with previous 
speakers* that in most cases one cannot lay down feeders 
or distributors, especially the latter, with reference to 
their heating. It is the voltage-drop that governs the 
size. This entirely alters the estimates of costs of the 
different systems given by the author. Further, it 
alters the costs more than is apparent at first sight, for 
while, by Table 1, a 0*25 sq. in. single cable carries only 
10 per cent more than a three-core cable, yet a three- 
core cable to carry the same current as the 0*25 sq. in. 
single cable is 0*3 sq. in.—a 20 per cent increase—and 
an estimate based on cables of the same section would 
therefore differ very greatly from that based on heating. 
There is a point in connection with the use of three single 
cables instead of three-core cables. To put a three- 
wire service into a consumer's premises will necessitate 
three wiped lead joints. This wi.!! cost approximately 
three times as much and take three times as long as 
jointing a three-core cable. The looped-neutr^l service 
is suggested in the paper as a means of facilitating the 
detection of faults on cables while maintaining conti¬ 
nuity of supply. Presumably the author means testing 
the main while alive, but the neutral wire must not 
be broken if the outers are alive. What, then, is the 
use of the proposal ? 

Mr, P. M. Baker: As I interpret his paper, the 
author bases the whole of his estimate of cable costs on 
the assumption that their loading (feeders in particular) 
is limited by considerations of temperature-rise. This 
premise is not, so far as my experience goes, justified. 
The loading of every feeder with which I have had to 
work has been limited by voltage-drop considerations 
and is considerably below the permissible temperature- 
rise for the material. Indeed, it seems to be clear that 
only on short feeders would it be economical to force 
the loading up to the temperature-rise limit in a three- 
wire system, especially one deriving its power from fuel. 
The effect of the temperature coefficient on the resis¬ 
tance of the cable has not been lost sight of in coming 
to this conclusion, and Kelvin's law must fix the loading. 
If this main premise fails, the author's whole case for the 
use of three'separate single-core cables also fails and 
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the table of cable costs becomes misleading. Further, 
the whole cost of the cable and its connections must be 
considered and the service boxes used on three single- 
core cables must surely be larger, more expensive 
and involve more labour in installing than boxes for 
three-core or triple-concentric cables. Careful con¬ 
sideration of costs seems to show that, at any rate in a 
district in which I am interested, three-core cables drawn 
into earthenware ducts are the most practical economical 
propositions both for feeders and distributors as, on 
cable alone, there is a 10-12 per cent saving over 


triple-concentric cables of similar section, and Rein¬ 
stating charges are high—frequently as much as 60 per 
cent of the whole cost of the laid cable. , There seems 
to be little difference in the cost of labour in jointing or 
making connections to triple-concentric and three-core 
cables (although jointers seem to prefer triple-concentric), 
but I cannot say how these costs would compare with 
those for similar work on three single-core cables- 

[The autlior’s reply to this discussion will be found on 
page 363.] 


Irish Centre (Dublin), at Dublin, 8 January, 1926. 


Mr. C. P. Coote-Cummins: The permissible current 
loading given in Table 1, Which, I understand, is based 
upon the result of very exhaustive research, will, I 
think, be very useful for reference as it is in a very 
convenient form. The formula given on page 338 is 
also useful, and is very fully and clearly worked out in 
the Appendix. I am glad that the author emphasizes 
the necessity for considering the question of the time 
in wliich repairs can be executed. Unless repairs can 
be carried out in a reasonable time the cost will always 
be excessive, and this point is too often overlooked. 
The author appears to favour the laying of plain lead- 
covered cable in ducts, and Table 4 is a strong argument 
in support of this, but although I appreciate all that he 
says I think that the table is apt to be a little misleading, 
because it should obviously be read in conjunction with 
Table 3, and in comparing the lead-covered cable laid 
in ducts with the steel-tape-armoured cable laid (hrect 
the former system should be debited with the cost of 
interest and sinking fund on the increased expenditure 
during the period which elapses before the extension 
is required. When this is taken into account the conclu¬ 
sion arrived at might easily be the reverse of that 
indicated-iin Table 4- alone. 

Mr. A. H. Watson: A distribution network of the 
sort described in this paper is, I tliink, more or less a 
branch of the industry in itself, and one in which an 
engineer might well specialize. On page 338 the author 
states that the question of the voltage-drop on such a 
cable is of only secondary importance, as any variation 
in the value of this drop can be counterbalanced by 
an equal variation in the busbar voltage, so maintaining 
a constant pressure at the nodal points. I do not 
agree with this; I should consider it bad practice to 
try to compensate for drop in pressure by varying the 
busbar voltage, as the loadings on the various feeders 
might not all be equal, with the result that if the busbar 
pressure were increased to maintain normal voltage at 
the nodal point where a cable is fully loaded, the 
lighter loaded cables would suffer accordingly. The 
permissible loadings given in Table 1 come as rather a 
surprise to me as the densities are very much higher 
than we havd been used to in the past. For example, 
I notice that three single-core cables having a sectional 
area of 0*1 sq. in. can be loaded up to 298 anq.peres, 
wliich is equivalent to 2 980 amperes per sq. in., and 
even a I in. cable. can be run at a density of 1 168 
ampere^ per sq. in. With regard to Fig. 2, I doubt very 

VoL. 63. 


much whether graduated fuses will work satisfactorily 
in practice, as it has been found that the behaviour of 
fuses varies so much according to their condition at the 
time and the contact at the fixing poipt. 

Mr. P. A. Spalding: In my remarks, I propose to 
ignore triple-concentric and vulcanized-bitumen cables 
because I feel sure that no supply engineer would prefer 
such cables to three-core and paper-insulated cables 
unless under very exceptional circumstances. On page 
337 the author says : “ It should be noted that on a three- 
wire system the neutral conductor carries little or no 
current.*’ 1 think, however, that the general experience 
is that the neutral wire carries considerable current, 
especially during peak-load periods. If the author has 
any grounds for expressing such an opinion, why does 
he provide for neutrals varying in size from 0 • 126 sq. in. 
to 0*2626 sq. in, in his figures of cost in Table 3 ? 
Clearly he does this because his figures are for standard 
cables which usually provide a neutral having one half 
of the sectional area of the outer cores. My own opinion 
in regard to these cables is that the cross-section of 
the neutral core need never exceed 26 per cent of that 
of the outers of a d.c. three-wire system. Anything 
larger than this is only a needless waste of capital. 
With a maximum continuous loading of 600 amperes 
the system would be very badly balanced if the current 
in the neutral exceeded 100 amperes. For even a 
moderately balanced system, the current in the neutral, 
under the loading conditions above referred to, would 
scarcely be 60 amperes. Therefore, if a 0*26 sq. in. 
outer will carry a maximum load of 600 amperes, what 
is the sense of having a 0-126 sq. in. neutral to carry 
only 60 amperes ? On page 338 the author states: 

Any variation in the value of this drop can be counter¬ 
balanced by an equal variation of the busbar voltage, 
so maintaming a constant pressure at the nodal points.” 
Here again I must disagree, because, more often than 
not, regulation of the busbar voltage does not by any 
means ensure constant pressure at all the various feeding 
points of the distributing system. On the same page he 
says: The use of three-core cables is limited, to sizes 
up to 0*6 sq. in., cable manufacturers being unwilling 
to guarantee larger sizes.*' Presumably he implies a 
0-6m.-0-26in.-0*6in. cable, and, if so, such a heavy 
neutral as 0*26 sq. in. would be quite unnecessary, 
especially as he has already expressed the opinion that 
the neutral of a cable carries little or no current. For 
a feeder of this size a 0* 1 s4- in. neutral should be ample. 

24 ^ 
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Nine yeaxs ago I installed on our system two three-core 
feeders laid direct, each carrying 0‘6 sq. in.-0-06 sq. 
in.-0*6 sq. in. cables, which have so far given excellent 
results. The comparatively small neutrals in these 
feeders have proved quite sufficient. In connection 
with methods of la 3 dng cables, the necessity for consider¬ 
ing conduit at all only arises in cases where important 
cable-runs have to be made along roadways laid with 
sets on concrete. In such cases, as the author points 
out, the cost of opening up the road and reinstating the 
surfaces is a very expensive matter, and to avoid the 
repetition of such expense a draw-in conduit S 3 ^tem may 
be found necessary. In all other cases, however, and 
especially where cables can be laid along the footpaths, 
paper-insulated, lead-covered and armoured cables 
laid direct are undoubtedly the cheapest to install and 
maintain. When comparing single-core with multicore 
cables, the author has made out an apparently strong 
case for the former, but I consider that his references 
to the latter type of cable are by no means complete. 
I am very surprised to find that no reference whatever 
is made in the paper to the all-important matter of 
bonding the cable sheathing. In my opinion most of 
the breakdown troubles on cables—e.g. those due to 
failure of the protective coverings caused by electrolysis, 
resulting in premature deterioration of the insulation— 
have been caused by want of electrical continuity 
throughout in the lead and armoured sheathings of 
these cables. I fail to see any special advantage in 
using a cable in which is incorporated a thin copper 
testing-strip lightly insulated from the lead sheathing 
(see page 343). Such a cable would have to be specially 
manufactured and would therefore be costly. Efficient 
bonding, so easily obtainable with multicore armoured 
cable, would answer very much the same purpose. 
I quite admit that single-core armoured cables laid 
direct provide certain advantages over multicore cables 
laid direct—^when used as feeders—^but the drawbacks 
that I see in the use of single-core cables for distributors 
are (1) the difficulty of maintaining complete and 
efficient bonding throughout each run, and of the sjratem 
as a whole, of the lead and armoured sheathings of 
these cables; (2) the danger of damage to the neutral 
cables owing to the relatively small sizes of these in 
the distributing S 3 ^stem, and (3) the extra cost of 
making service connections, further reference to which 
I shall make later. With three-wire supplies it is of the 
utmost importance that the neutral shall be maintained 
intact and in good order throughout the system, and this 
condition is rendered far more secure where multicore 
cables are used because here ike neutral core is absolutely 
im m u n e from any mechanical risk of fracture. The only 
damage that can afiect the neutral of a three-core cable 
is an internal dead short-circuit ** on the cable itself, 
but this is such an extremely remote contingency that 
it need never be seriously taken into account when 
considering the merits of the respective S 5 rstems. On 
page 344, under the heading of Three-Core Cables,’^ 
the author states: The earthing of the neutral 

through a light fuse is unsuitable with such cables/^ 
but I think that the more correct word to use would 
be “ disallowed.Three-core paper-insulated, lead- 
covered and armoured cables, all laid direct, were 


installed at Dundalk more than 12 years ago, the cables 
—^with few exceptions—^being laid along the footpaths. 
Although up to the present time upwards of 600 connec¬ 
tions have been tapped off these cables, not a single 
fault has yet developed. Small local faults have, of 
course, occurred, such as temporary short-circuits or 
leakages on the street lamp standards and pole bracket 
fittings, caused by bad weather; these troubles are 
to be expected under such exposed connections. The 
worst of tliese occurrences is a " dead e.arth ” of one or 
other of the outers due to a fusion of the connections 
at the neck of a street lamp standard ; until such defect 
can be cleared the effect is a dead short-circuit '* 
between the outer and neutral (external, of course, to 
the distributor itself), but the current in such cases 
is always limited to about 26 amperes by the resistance 
inserted across the contacts of a circuit breaker between 
the neutral busbar and the main earth connection at 
the generating station. Normally this resistance is 
bridged, but when the leakage current exceeds a certain 
limit the breaker opens and leaves the resistance in 
circuit. Thus the neutral can never become open- 
circuited. On the question of relative cost, at the top 
of page 342 the author says: The figures given in 
the latter table [No. 3] show that three single-core 
feeders are the cheapest to lay down." Table 3, how¬ 
ever, gives the cost of the feeders only, and if the costs 
of opening up the ground and reinstating as specified 
in Table 4 are added, the inclusive cost of laying multi¬ 
core cables is actually less than the corresponding cost 
of laying three single-core cables. The figures in 
Table 6 also clearly prove this. I do not question the 
author^s figures in these tables as I presume they are 
taken from actual practice, but a summation of the 
figures in Tables 3 and 4 gives the following results 
as representing the total inclusive cost of laying:— 


Type of roadway 

3 single-core 
cables 

‘Multicore 

cables 

Sets on concrete 

£ 

£ 

369 

366 

Waterbound macadam 

200 

197 


On the score of inital cost, therefore, I see no advantage 
in using single-core cables. There afe no " exceptional 
reasons," as the author puts it, why supply undi^rtakings 
adopt multicore cables for feeder work; it is simply 
on the grounds of economy, combined with efficiency, 
that such^ cable is preferred for both feeders and dis¬ 
tributors. At the top of page 346 the author states: 
" Distributor cables . . . should, wherever possible, 
be laid under the pavement." I quite agree. It is a 
pity, however, that he did not include figures of cost 
under this heading in Table 4. No special difficulties 
are experienced in making service connections to 
multicore distributors, and the actual couplmg-up is 
quite easily effected during the dinner-hour, usually 
between 1 and 2 p.m., when the particular^ length 
of cable that is. being tapped can be isolated (at the 
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disconnection boxes) without any inconvenience what¬ 
ever to existing consumers. The advantage of the 
single-core cable in respect of facilitating service connec¬ 
tions is therefore by no means as evident as the author 
would have one believe by his remarks at the top of 
page 344 and again on page 347. I entirely disagree 
with him in regard to the relative cost of carr 5 dng out 
service connections, and it can easily be demonstrated 
that, of the two systems, the cost of making services 
off multicore cable is considerably the cheaper. I 


should be interested to know whether the author h^ 
had any experience of plain lead-covered* cables laid in 
fibre conduit such as is (or was) manufactured by the 
Key Engineering Co. If so, perhaps he would state 
whether the lead sheathing of the cables remains ^ 
sound in such conduit as it does in the other conduit 
systems to which he refers in the paper. 

[The author's reply to this discussion will be found on 
page 363.] 


South Midland Centre, at Birmingham, 14 January, 1925. 


Mr. H. W. Blades: The author in his conclusions 
recommends the use of lead-covered cables drawn into 
watertight earthenware conduits. I should like to ask 
if he has any special recommendations as to making 
the conduits watertight. It is practically imppssible to 
do this by surroimding the conduits with concrete. 
One of the chief things to guard against in any conduit 
system is the accumulation of gas, and the only cure is 
an ef&cient system of ventilation of draw-in pits, 
joint pits and the conduits. Before leaving the question 
of conduits I should like to ask the author if he has 
experienced any trouble due to the movement or 
creeping of drawn-in lead-covered cables, this movement 
being ^ue to the expansion and contraction of the 
cables. In this district there have been considerable 
difficulties due to this, but these have been overcome 
and it would be interesting to know if the autlior has 
experienced any such trouble. The author states that 
when the feeder can be laid in good soft ground so as to 
be free from electrolysis, single armoured cables should 
be suitable. I agree that the factor of electrol 3 rtic action 
must be seriously considered before the decision is made 
to lay armoured cables direct in the ground. In large 
cities the feeder cables sometimes not only run parallel 
with the'* tramway track but often cut across several 
tramway routes. There is thus the danger of heavy 
earth currents being shunted by the armouring of 
these cables. In Birmingham for the past 20 years it 
has been the practice for all high-tension lead-covered 
steel-wire-armoured cables to be laid solid with bitumen 
in earthenware troughing. In no case can I remember 
having noticed any signs of electrolytic trouble, and 
judging from the state of these cables both inwardly 
and outwardly they are in splendid condition and should 
last more than another 20 years. With regard to the 
author'sjproposal on page 343 for raising the potential 
of the neutral wire by means of a light copper fuse, I 
suppose this means entirely disconnecting the neutral 
from earth and then flashing one of the outei^ through 
a light fuse. This is not good practice, and such flashing 
should only be done through graduated resistances. 
One of the best-known maxims for the successful main¬ 
tenance of any three-wire mains system is to keep the 
neutral wire healthy, and this can only be done by 
clearing off all incipient faults on the neutral wire. 
I presume that the author's suggestion for the looped- 
neutral services will necessitate the laying of a service 
cable o| the same cross-sectiohal area as the distributor, 
in order that the csnrying capacity Of the distributor is 


not reduced. The service cable shown in Figs. 6 and 
7 appears to be of much smaller cross-sectional area 
+T-ian the distributor. This would also seriously affect 
the accuracy in loop tests for the localization of faults. 
In an industrial or shopping area it might be difficult 
to obtain access to the consumer's premises for the 
purpose of disconnecting the special neutral link, and 
in a residential area it would be very difficult to accoin- 
modate a service cable of the 0 • 2 sq. in. triple-concentric 
type. It would therefore be advisable for any dis¬ 
connecting of the neutral wire to be done in suitable 
boxes in the street, which would always be accessible 
day or night. 

Mr. N. A. Allen : In making a comparison between 
single-core, three-core, and triple-concentric cables, it 
is only fair to do so on a basis of their performance, 
but it is suggested that it would have been of more 
use had the more practical method been adopted of 
comparing on a basis of the B.E.S.A. copper sizes 
instead of the intermediate sizes chosen, wMch, as a 
matter of fact, would never be used. Thus in the first 
case shown under ** Cables laid solid " the areas would 
be 0*4, 0*6 and 0*6 sq. in., instead of 0*376, 0*44 and 
0*626 sq. in. given in the paper. These compaxisons 
have been made on a load of 600 amperes for a 0 • 26 sq. in. 
section, but for transmission purposes such a cuirent 
would live an excessive voltage-drop. Even if a 
1*0 sq. in, cable were taken instead of the 0*26 sq. in. 
chosen, and the drop limited to. 20 volts in order to 
conform with the Commissioners' Regulations for a 
600-volt system, the useful length of transmission 
would be limited to about | mile. With ref^ence to 
the testing-strip type of single-core cable, this is a well- 
known principle for three-core high-tension cables 
whOTe one. strip does the work for the whole system, 
but the introduction of a single strip for each core 
would involve considerable expense out of proportion to 
the advantages gained. The question of electrolysis 
due to cables crossing the line of tramway sptems 
has been raised by several speakers and in this con¬ 
nection it is of interest to remember that in the United 
States, tramway earth currents are regarded as a nec^- 
saxy evil and steps (sometimes very elaborate) are 
invariably taken to guard against damage to cables 
through this Cause. These consist of the introduction 
of copper bonds or connecting sheaths and drainage 
wires at suitable points, these having been predeter¬ 
mined in an Electrolysis Survey." A point of^nterest 
in connection with the use of three single-core armoured 

m 
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cables, which is recommended in the conclusion of the 
paper under certain circumstances, is in connection 
with the possibility, which sometimes occurs, of having 
to change over from a d.c. system to an a.c. system 
while using the same cables. In this case, of course, 
three single cables could not be used, owing to their 
high inductance, whereas the change could be made 
without difficulty on the other t57pes of cable. 

Mr. R. H. RawU ; There are two points in the paper 
which interest me from the point of view of the be¬ 
haviour of consumers" wiring under fault conditions on 
d.c. three-wire networks. The author describes a 
system in which the neutral wire is earthed through a 
fuse at the station. If an earth occurs on one of the 
outers this fuse will blow and the other outer will be 
raised or lowered to the full outer pressure, above or 
below earth as the case may be. It is, of course, true 
that the Electricity Commissioners require this state 
of affairs to be remedied within 24 hours, owing to 
the greater risk of shock to earth, I cannot, however, 
agree that apart from this consideration it involves 
no danger to the electrical system.'" This may be true 
if the undertaking's mains only are included in this 
category, but due regard must also be taken of the 



condition of consumers" wiring, particularly old instal¬ 
lations in wood casing, where in my own experience 
fires have occurred through this cause. It may, of 
course, be argued that consumers are responsible* for 
the maintenance of their installations in good condition. 
But in how many cases is.it done? We must face 
these facts, and distribution systems should be so 
designed and operated that the liability of excessive 
pressure to earth with its attendant risks is reduced to 
an absolute minimum; and if such a contingency should 
occur it should be remedied with all possible speed. 
The author also explains that when an undetected earth 
fault occurs on the neutral cable, should an earth subse¬ 
quently develop on either of the outer cables a short- 
circuit will take place between these two faults, and 
will-remain until one of the faults burns itself clear 
or is isolated by the operation of fuses. Such faults 
should, of course, be conlhied to the street mains, but 
it may be of interest if I describe certain conditions in 
which a consumer's wiring may take part in such an 
und^irable short-circuit. Where a consumer takes a 
considerable quantity, of energy from the mains it is 
often necessary to balance the load as near as possible 


on either side of the neutral. In such cases three wires 
are sonj^imes run from a central distributing point in 
the premises to the service position, as in Fig. B. No 
fuse, of course, is permitted in the neutral wire, because 
any interruption of the neutral without the simul¬ 
taneous opening of the other two wires would occasion 
a risk of an excessive pressure across the terminals of 
those consuming devices, the normal operating voltage 
of which is half that of the full pressure between the 
outer cables. Now the insulation of this neutral wire 
may break down and give rise to an earth fault of such 
small magnitude as to be undetected. Should an earth 
develop on one of the outer cables in the street in the 
vicinity, however, a short-circuit will occur between 
these two faults, as the author has described, the full 
current of which, in this case, will pass through the 
consumer's neutral wire. Owing to the fact that there 
is no fuse in this wire, this will continue until one of 
the faults bums itself clear, or the fuses in the network 
or at the station, which are usually of high capacity, 
come into operation. It is clear that in either case the 
results on the consumer's property may easily be disas¬ 
trous. This is obviously very bad practice, but the 
number of wiring contractors who are unaware of this 



fact is surprising. The only safe method is to provide, 
a three-pole circuit breaker with a trip coil on each 
pole; but since this is usually out of the question for 
a variety of reasons, the system shown in Fig. C should 
be adopted in all cases. Here the balancing of the 
load takes place at the service position and, in the 
event of the faults under consideration taking place, 
ofae of the fuses connected to the neutral service cable 
will blow and thus not only prevent further damage 
to the consumer's property whilst the other f^ult con¬ 
tinues, but, by reason of the notification to the supply 
undertaking of the blown fuse, will give an indication 
of the location of that most elusive of all faults—^the 
neutral fault. 

. ]V4r. A. E* Smith.: The solid system of laying cables 
is recommended where the ground may contain corrosive 
substances, but the direct system if subsidence is likely 
to occur. Subsidence is continually taking place in 
certain mining districts in this vicinity, and the ground 
is frequently made up with ashes, which are notorious 
for causing corrosion. What system would the author 
recorp.ihend in such a case ? 

Mr. F. Forrest: A true comparison of the costs of 
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various types of distributor cable should combine the 
figures given in Tables 1 and 6, so as clearly to set out 
the fact that the cheaper lead-covered cables laid direct 
axe also capable of carrying a higher current loading. 
I have combined in the Table A particulars with refer¬ 
ence to three types of 0 • 2 sq. in. X 0 • 1 sq, in. x 0*2 
sq. in. distributor cable laid under flagged pavement, 
using the figures given by the author. 

It is evident from the table that the vulcanized- 
bitumen cable is an extremely expensive type, and 
where cost is a first consideration there seems to be 
no justification for its use. The author has not con¬ 
sidered the use of plain lead-covered cable without any 
further armouring. Such cable, so long as it is laid 
in trenches on soil which has had the sharp stones sifted 
out of it, and afterwards covered with a protecting 
tile, should be perfectly satisfactory and still further 
cheapen the cost. In all cases the bonding of the lead 
should be very carefully done by means of wiped joints 
and the cables should be kept more than 3 ft. away from 
the nearest tramway rail, so as to avoid the possibility 
of electrolysis due to stray traction return currents. 
Pilot cables for use with low-tension feeders are really 


boosting requirements; this current density repre¬ 
sents a voltage-drop of approximately 40 volts on the 
outers of a feeder 800 yards in length. Full advantage 
therefore cannot be taken of the higher rating of single¬ 
core TnaiTiR under 1 sq. in. in section. It is therefore, 
on the score of cost, advantageous to use three-core 
cables as far as manufacturing limits permit. The use 
of conduits should be avoided wherever possible, 
having due regard to street disturbances and the diffi¬ 
culty of accommodating a large number of cables on 
one route. It is also safer in the case of breakdown 
than bunching the cables in the ground if several feed^s 
have to be laid close together. The making of trial, 
holes is an obvious preliminary of conduit laying, but 
unfortunately does not always guarantee a clear course. 
Although concrete helps > in this direction, stoneware 
conduits should never be regarded as being gas- or 
water-tight and it is necessary to provide for ventilation 
and drainage. They are not a safeguard against electro¬ 
lysis, the evil effects of which are usually concentrated 
at the conduit joints. Flexibility for joints in conduit 
pits must be provided for where lead-covered cables are 
heavily loaded, otherwise expansion and contraction will 


Table A. 


Type of cable 


3 single lead-covered and armoured cables laid direct 
3-core lead-covered and armoured cables laid direct 
3 single vulcanized-bitumen cables laid solid 


Constant current 
loading 

Price per 100 yards 

Cost per yard per ampere 

amps. 

£ 

d. 

438 

120 

0-66 

390 

111 

0-682 

317 

161 ! 

1-22 


not justified. A more satisfactory means for indicating ! 
the feeder-point voltage can be obtained by carefully 
calibrati|ig the feeder ammeter to read the feeder-point 
voltage after a careful test of the resistance of the feeder 
has been made. The looped-neutral S 3 ^tem mentioned 
by the author seems to me to add danger without 
introducing any substantial benefit. It is quite con¬ 
ceivable that the neutral link box in a consumer's 
premises might be opened by an unauthorized person 
and the link removed; this might have disastrous 
consequences, and for this reason I cannot believe that 
it will ever be generally adopted, 

Mr, H. S. Davidson: The author is strongly in 
favour of laying three single-core cables as distributing 
mains. “I should be interested to know what ^pe of 
box he uses when tapping services off such distributors, 
assuming his intention to be that the service cable should 
be. a three-core cable, and that all the cables used are 
paper-insulated. Cast-iron boxes do not appear to be 
satisfactory and the only alternative is a lead " tee " box. 
This entails the making of seven plumbed joints and is a 
very tedious and costly method. Has the author con¬ 
sidered this additional expense in preparing his paper ? 

Mr. W. E. Groves: In comparing three-core with 
single-core feeders it is not generally practicable to carry 
this comparison above a load rating of 1 000 amperes 
per sq. in., on account of prohibitive voltage-drop and 


crack the plumbs of the joints. Apart from their cost 
there is no sounder system of distributors than single- 
core paper-insulated vulcanized-bitumen cables run solid 
in stoneware troughing. They have an enormous advan¬ 
tage fo» rapid fault localization and repair. Their cost, 
however, puts them generally out of court for new 
networks, particularly where road widenings and dis¬ 
turbances are contemplated. In solid lajdng, care 
should be taken that troughs are filled under all condi¬ 
tions. Wooden troughs are inherently bad. Pilot 
cables on a three-wire system, apart from their cost, 
are most unsatisfactory on account of uncertain surface 
contacts of plug boards and fuses. Ammeters should 
be calibrated for voltage-drop ; this, with a reasonable 
balance, is a sufficiently accurate measure. The outers 
of triple-concentric cables should be neutral and the 
insulation of tire neutral should be maintained as on 
the outers. As in the case of feeders, comparison of 
costs of different types of distributors based on load 
ratings of cables is fallacious, very liigh current densities 
being generally inadmissible for reasonable regulation,” 
particularly with developments pf heating and cooking 
supplies. Single-core armoured, distributors appear 
attractive from the point of view of continuity of 
service, but it is surprising to learn that the service 
tees are. not more costly than for • three-core cables. 
Three-core cables need not be disconnected foif jointing,. 
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but it is risky to joint triple-concentric cables while 
they are alive. Fuses on distributors should be confined 
to interconnecting points of feeder networks. In 
Birmingham simple network boxes are used which 
permit of any distributor being isolated, solid-linlced or 
fused as desired, the fittings being interchangeable. 
•Tightening of three-core cables is more in evidence with 
shaped than with circular conductors. The extra cost 


of the larger-spaced cable would detract somewhat 
from the economical advantage of the standard cable. 
The use of conduits for distributors is obviously dis¬ 
advantageous if frequent services are likely to be 
required. 

[The author's reply to this discussion will be found on 
page 363.] 


North-Western Centre, at Manchester, 20 January, 1926. 


’ Mr. L* Romero : The author's main argument is 
that single-core cables are better than three-cpre cables 
for three-wire networks, solely because the results of 
faults on three-core cables are more serious than on 
single-core cables. I do not agree with that idea at all, 
as I think the author throughout the paper attaches 
too much importance to the fault question.. In my view 
a modem network consisting of lead-covered armoured 
cables should have very few faults indeed whether the 
cable is single-core or three-core; and that view has 
been borne out by my experience. But certainly I 
would expect more faults on single-core than on three- 
core cables, first because far more faults occur on small 
cables than on large cables, owing to the difference in 
mechanical strength, and secondly because in the case 
of the single-core cable there is three times the length 
of cable to break down, and between two and three 
times the number of joints. In Salford the three-wire 
network originally consisted almost entirely of single 
cables, but about the end of the war, for reasons of 
economy, we began to use three-core armoured cables 
laid direct. Since then we have laid about 30 miles of 
three-core distributor cables and made some 2 000 
joints on them. During all that time we have had 
exactly one fault on a small cable, the results of which 
were not at all serious. I have also had experience 
extending over a longer period with concentric cables 
bn the a.c. S 3 ^tem, and in this case also faults are of 
extremely rare occurrence. I estimate that thd cost of 
a single-core network, including services, would be about 
12 to 15 per cent higher than that of a three-core net¬ 
work. I feel sure that a similar freedom from faults 
bn three-core networks is experienced in many other 
undertakings, and I hope that some other mains engineers 
will give us the benefit of their experience. There is ' 
one other disadvantage of putting down single-core 
armoured cable for a d.c. network which appeals very 
strongly to me, viz. that it makes it impossible to change 
over the network to alternating current. We have 
recently changed over portions of our d.c. network to 
single-phase three-wire, without re-la 3 nng a single-yard 
of cable, and we have other schemes in hand. Of course 
these schemes would be impossible if the network 
consisted of single-core armoured cable. Table 1 seems 
to me very misleading in that the maximum current 
allowed for the larger cables is much too high. A 
. 1 sq. in, single cable in a nest of conduits cannot be 
loaded safely above 760 amperes, which is the current 
allpwed by the author for a 0-6 sq. in. cable. Above 
this l inut crystallization of the lead, due to expansion 
and contraction of the cable, sets in. I agree with the 


author that single-core cables are to be preferred for 
feeders, because nothing smaller than 1 sq. in. cable is 
of much use for feeders on low-pressure d.c. netw'’orks, 
unless they are very small networks indeed. If one 
did use 0-6 or 0*26 sq. in. feeders, as the author seems 
to suggest, I am of opinion that three-core cables would 
be better. The author seems to think that pressure- 
drops in feeders are of no importance. I do not agree 
with him. In practice it is usually impossible to keep 
all the feeding points at the same pressure, due to 
differedces in length and loading of the feeders. I find 
that a 0*6 sq, in, feeder, 1 000 yards long, loaded to 748 
amperes—^the figure given in Table 1 for 0*5 sq. in, 
single-core cable—^would give a pressure-drop of nearly 
20 per cent on a 440-volt system. Drops of this order 
must be considered excessive from the points of yiew of 
both pressure regulation and losses. I think that 
pilot cables should be dispensed with altogether if 
possible. I believe this could be done if instrument 
makers would only set themselves to design a voltmeter 
which would indicate the busbar voltage less tire feeder 
drop. If they would do this, I believe that most under¬ 
takings would install these voltmeters and scrap their 
pilots. An instrument is required with three coils instead 
of one; one coil for the busbar voltage, one for the outer 
voltage-drop, and one for the neutral voltage-drop. An 
instrument of this type would give a direct reading of 
the voltage at the far end of the feeder, the pilots being 
expensed with altogether. As an alternative I should 
like to suggest that feeder ammeters should have their 
scales marked in voltage-drop in the feeder on one side 
and in amperes on the other side. The switchboard 
attendant could then easily calculate the voltage at the 
feeding point. Both these suggestions seem so simple 
that quite possibly they have already been carried out, 
though I have no information on the point. The author's 
suggestion for cable with a testing strip to facilitate 
the location of faults seems to me totally unijecessary 
for the reasons already given. The author's scheme for 
looped-neutral services on vulcanized-bitumen triple- 
concentric distributors is ingenious, but in my opinion 
the money would be better spent in replacing the dis¬ 
tributors with three-core lead-covered cables. If there 
are so many faults as to make it necessary to carry out 
all these expensive precautions, I think that the cables 
should be relaid altogether. Although I do not believe 
that it ever pays to run additional feeders, it has never¬ 
theless to be done because the existing feeders become 
overloaded and because satisfactory pressure must be 
maintained. I do not take exception to the author's 
figures in Table 5 but I should like to ask him whether 
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he has included in the cost of the lead-covered steel- 
tape-annoured cables, laid direct, the extra cost for 
the transport and labour with three cables instead of 
one, and the extra cost for protective boards or tiles. 

In regard to the author’s statement that trouble has 
been experienced due to the straining of the cores of 
three-core cables when opening them out for making 
service joints, I have not experienced any trouble of 
that sort and I do not think it is likely to occur on 
properly designed cables. 

Mr. A. J. Lovell; Several points the author has not 
mentioned may appreciably alter the comparison of 
costs of different systems. In the case of cables laid 
direct, the ease with which holes maybe bored with one 
of hydraulic borers on the market, and cables drawn 
in across busy thoroughfares, and the resulting saving in 
excavation, heading, driving and reinstatement, would 
materially alter the estimates. For example, the first 
320 jrards so laid in Manchester showed a saving of 
£339, or about £1 a yard. The author does not mention 
the use of pass-through boxes on duct lines, by which 
levels may be altered to avoid pipes, and so avoid 
laying the total length at any great depth. This is an 
important point in large cities where pipes are numerous. 

I do not consider that the concreting of earthenware 
ducts laid at depths of 2 ft, 6 in. to 3 ft. in the roadway 
is necessary. Reinforced concrete slabs placed above are 
a convenient protection against picks, though such 
protedlion is not generally necessary. On page 340 
the author mentions watertight conduits. In my 
experience I have never known of a length of duct line 
in wet soil wHch might reasonaby be called water¬ 
tight. Because of this percolation of water and the 
risk of add entering with it, I favour the drawing-in 
of armoured, lead-covered, jute-served cable. The 
expansion and contraction, and consequent creeping of 
cables, calls for secure anchoring at every box, and 
frequent inspection, so that maintenance costs become a 
considerable item. Duct lines can only be profitably 
used in congested areas where frequent street excavations 
must be avoided. On page 340 the author says: 

“ Modem practice is to use earthenware troughs . . . 
because better joints are possible between two troughs.'* | 
Personally I consider that if there is any feature that 
condemns earthenware troughing it is the joints, unless 
the author is referring to the use of lock joints. Several 
have been devised, but none, I believe, has been sufi- 
dently tested. Though wood troughing has many 
serious disadvantages there is much to be said for its 
mechanical strength when joints are made to butt and 
are surfounded with a cast-iron trough box with cover 
bolted down, as used in Manchester. I have known a 
subsidence to take place, and a length of troughmg 
containing a joint to support the ground above without 
buckling over a span of 10 ft. This could not be said 
of an earthenware trough. Intimately connected with 
the type of trough is the question of depths. In Table 
the depth under flagged pavement is given as 1 ft. 3 in. 
I doubt whether the local authority would permit 
depth, apart from the difficulty of avoiding gas services 
and the risk of fencing pins at some later date piercing 
the troughmg so near the surface. As no general rule 
can be laid down for mains work—no two jobs being 


alike—each must be dealt with on its own merits. 
More trouble is caused by vibration than by crushing 
at ordinary depths, and the nature of the road traffic 
should be one of the deciding factors. Generally 
speaking, cables laid solid should be deeper than those 
laid direct, owing to damage at troughing joints due to 
vibration. I do not agree that troughing and service 
boxes will sink when the ^ound is filled in. If settle¬ 
ment does take place it is due to bad workmanship. 
With regard to triple-concentric cables, theoretically, 
from the point of view of heating, the neutral cable 
should be the inner conductor, as it carries the le^t 
current, but often the practical requirements outweigh 
the theoretical advantages, and in this case ihe outer 
is usually made the smallest conductor for increased 
flexibility. I do not agree with the author that this is 
a disadvantage, as he points out on page 346, where he 
says that in the event of the cable being damaged by 
a pick no indication would be perceived at the station 
for some months. If no network insulation resistance 
test is ever taken at the station I can quite believe 
it, but I do not think that any mains engineer would 
rely merely on the earth ammeter readings. Frequent 
tests should be taken at the station, and the resulting 
figure in ohms will at once show up a* neutral fault, 
when steps can be talcen to locate it. That the outer 
conductor is the neutral is, in fact, a decided advantap, 
for a neutral fault can be located with much less risk 
of interruption of supply. On page 337 the author 
says that the neutral conductor on a three-wire net¬ 
work carries little or no current, and Table 1 shows 
that the sectional area of the neutral is half that of 
the outers. In these days of cookers, radiators, and 
domestic appliances, the diversity of the load, which is 
not imder the control of the engineer who makes his 
balance sheets, may give rise at times to considerable 
out-of-balance current in sections of the neutral. I 
have known the current in the neutral on a normally 
balanced section to be 160 per cent in excess on a cold 
and changeable day, due to the varied use of radiators 
and lighting. Again, if the supply to one outer be 
interrupted the neutral will carry the whole cmrent 
of the other outer. In large modem networks it is 
desirable to run neutrals of the same sectional area as 
the outers; the cost of the increased copper is partiy 
offset by the reduced pressure-drop and the immunity 
from damage to the neutral caused by excessive over¬ 
loading under short-circuit conditions. I agree with 
the author that the disadvantages of triple-concentric 
cable rule it out for use on modem networks. I do not, 
however, agree that it is necessary to make the cable 
dead for jointing, either on concentric or three-core 
cables ; my experience of jointing is that if earned out 
by well-trained jointers the joints are as reliable as, 
if not more reliable than, the cable itself. The best 
tjme of cable to use is undoubtedly that which gives 
the surest continuity of supply. In Manchester there 
is a very large amount of three-core and four-core 
distributors. Over 10 000 joints are made annually, 
about 76 per cent being on three-core and four- 
core cable; and so far I have not known one fault to 
occur. Jointing of aU, kinds is done while the cables 
are alive, and with weU-trained jointers and careful 
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supervision no die&culties axe experienced. Thus there 
is no interruption to supply. This, I think, proves the 
case for a three-core network. I agree with the author 
in so far as where distributors larger than 0*6 sq. in. 
are necessary, a single-conductor continuous lead system 
is preferable, and full advantage can be taken of the 
reduced current density permissible in the larger 
cable. 

Mr. H. M. Grellin : It is by no means agreed that 
the current densities shown in Table 1 are acceptable 
as safe figures. The densities given imply that the 
final temperature of the cables will be of the order of 
160® to 160® F.—possibly more in some situations— 
and this, in my opinion, is too high. The efiEect of 
these high temperatures on the voltage-drop should 
not be overlooked when working out sizes of cable 
conductors. The drop at the temperatures I have 
mentioned will be 20 to 25 per cent more than that 
calculated on the copper resistance figures given in the 
B.E.S.A. tables for 60‘^ F. Allowing for this, the voltage- 
drop for some of the sizes and densities indicated in 
Table 1 will be as much as 18 volts per 100-yard run. 
I do not know of any undertaking which could endure 
this drop on either feeders or distributors. On page 338 
the author says: " The choice of the size of cable for 
a feeder is more an economic than an electrical problem.” 
I think that in 99 per cent of the schemes I have had 
to work out the sizes have been entirely decided by 
the question of the voltage-drop. Speaking generally 
I should say that the advantage of single-core cables 
would be most marked in the case of feeders on large 
undertakings, where heavy currents have to be provided 
for, the advantage of large single-core cables being in 
the much greater lengths of cable that can be con¬ 
veniently handled, compared with the comparatively 
much shorter lengths of three-core cable of the same 
sectional area per core. The author refers to the use of 
a ” copper testing strip ” on single-core cables. From 
the point of view of cost I doubt whether it would be 
coi^idered a practical proposition in most cases, but if 
it is a practical proposition for single-core cables I 
should say it is far more so for three-core low-pressure 
cables. The extra cost, of course, is due to the cost of 
the copper test sheath and the comparatively f^hin 
insulation between it and the lead sheath. That ^tra is 
a far bigger item on a small single-core cable than on a 
large three-core cable. While the cost might be about 
30 per cent on a single-core cable, it would be less than 
half that on a three-core cable. With reference to the 
statement attributing trouble on three-core distributors 


to the straining of the cores when they are wedged 
apart for jointing on services, a certain borough electrical 
engineer some 20 years ago alwa 3 rs ordered three-core 
cables for low-tension work to be made having the same 
thickness of dielectric as on his 6 000-volt cables, 
stating that it paid to have the increased thickness on 
account of the greater facility for jointing services and 
greatly reduced risk of damaging the cores by straining 
them apart. On page 344 the author discusses the 
disadvantages of triple-concentric cables, referring in 
particular to the smaller sizes, and in this matter I am 
in full agreement with him. One of the greatest dis¬ 
advantages of that type of cable is its mechanical 
weakness. To give tlie requisite area, the intermediate 
and outer conductors are composed of a comparatively 
large number of fine wires (or thin strips) over which are 
placed the (comparatively) heavy thicknesses of dielec¬ 
tric, the final result being a cable containing a large 
amount of insulating material and very little copper— 
a not at all desirable t 5 q>e compared with the equivalent 
I three-core cable. 

Mr. A. B, Mallinson : I am rather surprised to find' 
that the author has given no indication as to the prices 
of copper and lead at the time at which he took out 
the costs. That, I think, is a very important factor. 
The price of lead, for instance, has risen nearly 60 
per cent during the past year. The value for reference 
purposes of the tables given in tlie paper would be 
greatly increased if this information were added? 

Mr .H. G .Lamb : On page 343 the author recommends 
that the potential of the neutral wire should be periodi¬ 
cally raised to that of the outer, with the object of 
detecting faults. This was tried in Manchester some 
years ago, but had to be given up because it was followed 
by many faults on installations, and, in one or two 
cases, I believe, fires actually broke out as a result of 
these faults. On page 346 the author says that there 
is no particular advantage in laying distributors in 
ducts. In large towns, I think, there is oftei^ a con¬ 
siderable advantage, because (particularly in crowded 
streets, such as Market-street and Piccadilly in Man¬ 
chester) the spaces under the footpaths are fuU, and 
distributors frequently have to be laid in the roadways. 
The author says that concrete is a very good protection 
against men with picks. I agree that it should be so, 
but our experience in Manchester has been that navvies 
break through it. 

[The author^s reply to this discussion will be found on 
page 363.] 


Scottish Centre, at Glasgow, 10 February, 1926. 


Mr, J, Henderson: There can be no doubt that 
the best system of laying for feeders is the draw-in 
system, more especially for a growing load. For a 
dense city area my preference is for three-core distribu¬ 
tors, lead-covered and laid solid. To lay cables solid 
appears to be the best system in such a case, and direct 
laying could not be considered. With large and congested 
tramway systems electrolysis would be almost a certainty 
and troubie yrould ensue. The usual system nowada 3 rs 


is to adopt alternating current with four-core cables 
laid direct in outl 3 dng districts. For services the 
cheapest method consistent with reliability should 
be used and twin, lead-covered armoured cables appear 
to give the cheapest service. I certainly disagree with 
the author that it is necessary to make a triple-concen-. 
trie cable dead to give a service, and 1 do not think it 
is ever done. The ” looped: neutral ” idea looks very 
attractive, but it may lead to more trouble it is 
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worth, and it looks probable that most of the faults 
might be located in the joint fittings. The author is 
scarcely consistent in his comparison of costs. He has 
allowed for the current-carrying capacity of the cables 
in his tabulations, but on page 346 he states that this 
can scarcely be taken advantage of due to the permissible 
voltage-drop. Likewise, mains engineers will be influ¬ 
enced in the steps taken to give further supply to an 
outl 3 dng district, not by the author’s equations given 
in the Appendix but by the permissible voltage-drop 
and the complaints of consumers. 

Mr. G. E. Shaw : I am not in agreement with the 
author’s suggestion relative to triple-concentric cables, 
viz. that the outer conductor of the cable should be 
made positive instead of neutral, as is the usual practice. 
Practically all cable faults, and a large percentage of 
joint-box faults occur, in the first place, as neutral 
faults, which may exist for some time before the cable 
actually goes out of commission. A study of the earth 
recorder chart will often, but not alwa}^, reveal the 
presence of a neutral fault, and if prompt measures are 
taken it is possible to locate and repair tlie fault before 
it actually causes an interruption of supply. If the 
positive pole were to form the outer conductor, it is 
obvious that a fault would develop so quickly that 
the cable would be interrupted before the fault could 
be located. 

Mr. A, McLennan: I agree with Mr. Henderson that 
it is qiJlte unnecessary to make cables dead when jointing. 
This does hot strengthen the argument in favour of 
three-core cables. 

Mr. D. Berry: The problems in connection with 
cable laying and distribution vary considerably with 
different undertakings. Local conditions and size of 
supply system affect the point of view, and one hesitates 
before stating definitely that this or that system or 
method is the best. I propose to consider the paper 
mainly from the point of view of the application of the 
methods favoured by him to a distribution system in 
a large city such as Glasgow. He treats first of feeders 
and states that the voltage-drop is only of secondary 
importance. This may be so where multiple busbars 
are used in the generating stajtions, but in cases where 
one busbar voltage only is maintained the voltage-drop 
is of primary importance. With regard to the formula 
on page 338, I think that it will generally be found 
advisable to select the suitable size of feeder mainly on 
an empirical basis, and to err on the large side. The 
author indicates a preference for single-core cables 
but I do not share his enthusiasm for these against 
multicofb or triple-concentric cables. He admits that 
space is a determining factor in a consideration of the 
type of cable to use, and in a large city where almost 
every inch in the streets and pavements is valuable 
the claims for triple-concentric feeders are strong. 
This is especially so when 1*0 sq. in. feeders are used, 
as three-core cables, as explained by the author, are 
inadmissible. For instance, a section pillar with three 
feeder ends—one feeder and one looping in—^and 10 
distributors would require 39 single cables. I think 
that the author claims too much for the draw-in system 
for feeder laying. There may be small zones in which, 
for special reasons, it is advisable to lay ducts, but as 


a rule the exact route of further feeders is uncertain, 
and if ducts are laid they may never be used. Fortu¬ 
nately, feeder faults in Glasgow have not been numerous, 
but in any case it is by no means certain that the 
average cost of locating, drawing-out and replacing 
a lengtli between manholes will be less than that in 
faults on feeders laid solid. I agree with the author as 
to single bitumen cables, partly, among other reasons, 
for the one he gives, viz. the danger of damage resulting 
while the fault is in its incipient stage. His contention 
that the choice of the type of distributor cable is very 
rarely affected by the maximum carrying capacity does 
not hold if the distributors are short, as is generally the 
case in large cities, where voltage-drop is, as a rule, 
of secondary importance to current-carrying capacity. 
Three-core lead-covered cables laid direct or triple- 
concentric cables laid solid (depending on circumstances) 
will, I think , be found to be more satisfactory generally 
than single lead cables. Direct laying is the fashion, 
but while the long life of a direct laid cable has not yet 
been proved, its advantages in speed of laying and low 
cost are very tempting to the mains engineer. The 
author’s objections to the danger of jointing with 
triple-concentric cables alive is probably based on 
experience with the use of link fittings as shown on 
Figs. 6 and 7. With shell-type fittings, triple-concentric 
joints are made with the cable alive every day, and I 
have known jointers more ready to work with triple- 
concentric cables alive than with the tightly formed 
three-core or four-core cable in vogue. The author’s 
suggestion of a looped-in neutral for triple-concentric 
distributors will not always be so satisfactory as he 
suggests. Apart .from the introduction of a possibly 
dangerous break in the neutral, the localization of a 
fault may not be clearly defined if intervening consumers’ 
switches are closed, and it may be that one cannot 
obtain access to the premises with the looped-in neutral 
joint when it is desired. 

Mr. H. M. Stronach: The author deals with single¬ 
core, three-core and triple-concentric cables for feeders, 
distributors and services on a maximum-current basis 
and arrives at what he considers to be the ideal combina¬ 
tion, viz*, single lead-covered cables throughout. Every 
city has its own special circumstances, but to ignore 
the length of feeders by running at different pressures 
to overcome voltage-drop, allowing for voltage-drop in 
distributors, and providing ducts for feeders, suggests 
one station, the load going for some leng^ in one 
direction, the feeders being short and the distributors 
comparatively long. In a town with 60 000-60 000 kW 
of d.c. load supplied by a number of substations from 
2 000 to 6 000 kW capacity, the duplication of rotary 
converters, busbars, etc., in each substation to 
two or more pressures to be supplied to feeders would 
make this impossible. With 1 sq. in. feeders running 
at a fixed pressure with a maximum load of 750 to 800 
amperes, the effective length is 400 to 500 yards, and in 
these circumstances single cables laid in any manner 
are more expensive than triple-concentric cable. The 
question of space also arises. The question of ducts 
is a very serious one. The author mentions the shitog 
of load, and no more expensive job can be conceived 
than laying ducts and then finding that thSy either 
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cannot be used at all or can only be used by increasing 
the length of cable necessary. Distributors are gene¬ 
rally comparatively short, and the load starts to drop 
immediately they leave the feeding point. Therefore 
if the pressure is maintained at the feeding point, 
voltage-drop can be ignored except in exceptional 
cases. The author condemns triple-concentric network. 
Glasgow has roughly 400 miles of such network, both 
lead-covered cables and vulcanized-bitumen cables laid 
solid. Probably half of it was laid 20 to 26 years ago, 
and there is no reason to condemn it. Lead-covered 
paper-insulated triple-concentric network laid 26 years 
ago is as good as, and even better than, any cable laid 
to-day. Vulcanized-bitumen cable can be found in the 
same condition, although personally I do not think that 
its life will be as long as that of lead-covered cable. 
Perhaps the link fittings shown in Figs. 6 and 7 account 
for the author’s dislike of it. With modem shell fittings 
and about 60 to 70 per cent of all joints made alive, 
comparatively little trouble is experienced. A few years 
ago three-core distributors were adopted, but it was the 
cost of joints and not their failure that brought this 
about. ^ The three-core standard cable shown in Fig. 4 
was tried, but the difficulty in jointing mentioned was 
very serious, and I know of cases where the cores had 
to be cut to overcome this. The thred-core cable with 
dununy was, I think, specially made for Glasgow to 
overcome this difficulty, but it is a lead-covered cable 
and not a vulcanized-bitumen cable. The success or 
otherwise of a lead-covered S 5 ^tem rests entirely with 
the bonding. With three-wire network and three-wire 
services this means nine bonds against three with 
multicore cable. It is questionable whether the cost 
of three separate joint boxes with single-core cables and 
extra reinstatement, giving increased reliability, against 
that of one box for multicore cable, can be justified. 
The protection of service cables passing through walls 
is very important, and I agree that special precautions 
are necessary. The author says that the risk of fire 
and damage to other people’s services is less with single 
^bles than with triple-concentric or multicore* cables, 
but my experience is decidedly the reverse. The 
moped neutral described in Figs. 7 and 8 might possibly 
be useful, but on 0*16 sq. in. and 0*26 sq. in. triple- 
concentric or multicore networks necessarily fused to 
carry full load, 76 per cent of faults are bum-outs and 
am not so easily bridged as suggested. I think that a 
strong case can be made out for triple-concentric lead- 
coyered feeders laid solid, three-core lead-covered 
ne^ork laid solid in busy and heavily loaded streets, 
and lead-covered and armoured cable laid direct in 
outskirts, with three-core and twin lead-covered and 
armoured services laid direct, the earth test to be taken 
regmarly, positive and negative alternately every week. 

Mr. R. B. Mitchell: The question which has been 
r^ed 3s to the desirability of triple-concentric cables 
affects Glasgow very materially. As Mr. Stronach has 
said, there are hundreds of miles of this type of cable 
laid m ^ city. It has been used for 26 yearn with 
satisfaction, and in view of the large sizes and the 
congested state of the subsoil in the streets it is the 
only me^od possible. For low-tension work I do not 

consider ^ucts to be either necessary or desirable. The 


feeders* from substations, for instance, have to take 
divergent routes, and in very few cases would any 
saving be made. The author has not mentioned the 
number of ducts that he would be inclined to lay in one 
trench. If he had a considerable number, say 12, then 
^e question of temperature-rise on the cables laid 
in the centre of the nest is very serious.. It may not 
be so bad for low-tension cable, with which the author 
deals exclusively, but with high-tension cables it would 
be a serious difficulty and I beheve that in America it 
has already been noticed that the cables in the centre 
of a nest of ducts suffer very seriously from temperature 
increase, even with ordinary loads. On page 339 the 
author refers to a cable breakdown, and indicates a 
preference for the duct system because the cable may be 
most cheaply and easily repaired. Evidently he means 
the total breakdown of the whole length of cable, but 
th^ does not take place with present-day cable. It 
might have done so when insulating materials, the 
permanency of which was a rather doubtful quality, 
were used, but now h cable will break down probably 
at one point only and, if laid on the direct or solid 
system, can be repaired at that point without the 
rest of the cable being interjBered with in any way. 
On page 338 the author refers to the liability of nodal 
points moving. We have had no experience of that 
in Glasgow. The load at any of the feeding points 
has always increased, and what had to be done to reduce 
the load on adjacent feeders was to lay anotheiT feeder 
to an intermediate point between the two feeders, so 
as to relieve both. When referring to the solid system, 
the author has always mentioned bitumen as being 
used as the trough filling. We have not used bitumen 
in Glasgow for many years, but have used instead a 
gasworks pitch reinforced with whin dust, which I 
think has proved itself equal in every respect to bitumen 
as a filling materia] and is also very much cheaper. 
This filling has been proved to be absolutely watertight, 
and also to have a very good heat-conducting caparity, 
which is a decided advantage with a filling Material. 
Another very great advantage is that if ever the trough- 
ing breaks away or decays, this reinforced filling wiH 
retain its shape round the cable without the support 
of the trough. The author has referred to the fusing 
of networks, I agree that this is very desirable, but 
is it not also desirable to go as far as possible in that 
direction and isolate particular feeders on particular 
sections of network so that the minimum number of 
fuses will act on faults; or will be affected when faults 
occur at any one point ? 

Mr* R. M. Freer: I certainly agree with previous 
speakers regarding the looped neutral. On page 340 
the author mentions the use of earthenware troughing 
to protect the cable from acids. I can vouch for the 
effectiveness of that method. W^e have in one particular 
spot a vulcanized-bitumen cable laid solid in earthen¬ 
ware troughing passing alongside acid boilers, where 
it is more the practice than otherwise to have spills. 
The cable has been working for^ 9 or 10 years and its 
insulation resistance is still high. 

[The author’s reply to this discussion will be found 
on page 363.] 
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The Author’s Reply to the Discussions at London, Dublin, Birmingham, 

Manchester and Glasgow. 


Mr. H. W. Taylor (in reply ): In attempting to 
compare the various t 3 rpe of systems used in tliree-wire 
direct-current networks, it should not be forgotten that 
tlie enormous differences in local conditions make it 
impossible to form 'any definite conclusions that will be 
applicable to every case. The most that can be hoped 
for is to arrive at some conclusions of common, though 
by no means universal, application. Even such con¬ 
clusions when obtained as the result of individual 
observation are necessarily coloured by the conditions 
prevailing on the systems where the experience has 
been gained, Tliis fact is clearly discernible in the 
discussion. Whilst reading the paper before the v^ous 
Centres, I have been greatly impressed by the conflicting 
opinions of engineers in different localities. We are all, 
perhaps, inclined to become unduly prejudiced in favour 
of or against a system with which we are most conversant. 

A point that I should like to emphasize here is that 
the paper was written from the point of view of an 
undertaking of medium size. It is therefore a little 
unfortunate, though perhaps unavoidable, that most of 
those who have taken part in the discussion are con¬ 
nected with some of the largest undertakings in the 
country, witli the result that many of their remarks 
are due to their experience of the exceptional conditions 
prevailing in very large cities. To these I would suggest 
that, though many of the recommendations in the paper 
are not applicable to their cases, they may be to the 
more numerous smaller undertaldngs. 

There are one or two points that have given rise to 
more general adverse criticism, with which 1 will deal 
before proceeding to reply to the remarlcs of individual 
speakers. 

Basis of comparison of feeders ,—The choice of current- 
carryingi capacity as a basis of comparison of feeders 
is disapproved because the voltage-drops on feeders of 
different cross-sectional areas are not the same and that 
these drops, on long feeders loaded up to the rating 
shown in Table 1, are too high. Let me first of all 
make it quite clear that the results sho^ in Table 3 
are only intended to be a basis of comparison, that 
** wherever they can be adopted ** the sizes indicated 
are permissible. Local conditions will always be the 
deciding factors in the choice of the size of a feeder. 
As it is impossible to introduce this factor in attempting 
to fonqj a general conclusion, the most that can be 
given is a comparison, based on some property common 
to all, that will provide a starting point from which the 
true value of a feeder can be assessed when local con¬ 
ditions compel modifications to be made. 

I do not altogether subscribe to the opinion of several 
speakers that voltage-drop provides a better basis for 
this purpose than does the one I selected. Equal 
voltage-drops entail the use of cables of the same size, 
thus introducing another variable quantity that may 
be called the " earning capacity of the cable, which 
would have to be considered together with the respective 
costs before a true comparison could be made. For 
instance, a single-core cable loaded as^ it would be to a 


lower percentage of its maximum rating is a much 
greater asset to a network, from the points of view of 
long life and reserve in case of emergency, than a triple- 
concentric cable of the same section will be. This 
latter point may be of considerable importance in a 
medium-size network with comparatively few feeders, 
where the failure of one may throw considerable addi¬ 
tional load on another. It was to preserve this true 
basis that 1 chose to compare those sizes of cables 
that would, under favourable circumstances, give the 
same results, instead of taking the nearest standard 
sizes, and I stated at the time that such non-standard 
sizes would not of course be used in practice. 

This voltage-drop basis w^ould also make it impossible 
to take advantage of the higher permissible loading of 
the single-core cable which sometimes, in the case of 
short feeders, is very useful in obviating the necessity 
of boosting arrangements for the long ones. I am ^us 
of the opinion tliat, bearing in mind its imperfections 
and limitations when making comparisons, current- 
carr 5 dng capacity forms a convenient basis. 

As regards the current loadings shown in Table 1 being 
too high, I would point out that these are the maximum 
permissible loadings that the cable will stand if called 
upon, and it is not suggested that cables should normally 
be loaded up to sudi values. This, however, does not 
impair their usefulness as a basis of comparison. 

Looped-neutral services .—Some little confusion seems 
to prevail as to the advantages of this type of service 
and the conditions under which it is used. The great 
majority of faults on a triple-concentric distributor, 
being due to external causes, occur between the outer 
and middle cores, i.e, between the neutral and one live 
core, and the cable has to be isolated until the fault 
has been repaired. For locating faults on distributors, 
ordinary tests are often rendered unreliable owing to 
the disturbing influence of the numerous service con¬ 
nections. The cable has then to be exposed and tested 
after cutting the neutral, perliaps in several places, 
before the fault is located. To have a convenient 
method immediately accessible of breaking the neutral, 
means that a fault can be located more quickly and 
with less cost, particularly when the roadway is of a 
t 3 ^e .that is expensive to excavate and reinstate. It 
should be noted that during these operations the cable, 
contrary to Mr. Wigham's presumption, is quite deM, 
so that no harmful results would be obtained by brealdng 
the neutral at more than one point, ^ough it is usual to 
have only one such break whilst testing. Having located 
tlie fault between two looped services the neutral 
imka are withdrawn at these points. If the distributor 
is fed from both ends it then becomes possible to make 
the inner cores alive with their own polarity, thus 
giving the correct supply to all the consumers with 
the exception of those tapped oif the faulty length of 
neutral. Care should be taken to withdraw the main fuses 
of these latter few consumers to prevent the possibility 
of any of them having a pressure of 480 volts across 
their installations owing to this length of neu'firal being 
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alive, usually from the middle core. Should the fault 
be a short-circuit between all three cores, by making 
both inner cores alive from, say, the positive side at 
one end, the supply is again restored to the same con¬ 
sumers as before, but the meters of those connected to 
the negative side will be reversed. This will not result 
in a serious loss to the supply undertaking as such 
conditions will not usually last for any appreciable 
time; but if the premises supplied are mainly shops 
and business premises, as will generally be the case 
where these services are adopted, such a temporary 
supply may prevent considerable loss and certainly 
much inconvenience being caused to these consumers. 
This type of service is of little practical value on a lead- 
covered cable, its usefulness being confined to the triple- 
concentric vulcanised-bitumen cable laid solid, the earth 
leakages on which, under the above conditions, are 
usually sinall. 

With regard to Mr. J, S. Highfield’s suggestion of 
illegality, I would point out that no testing is done on 
consumers' premises; but, notwithstanding this, I 
think that in the Provisional Orders of most under¬ 
takings, authority will be found for their '* . . . respon¬ 
sible agents to enter upon the premises of the consumers 
at all times, for the purpose of inspecting, repairing or 
testog any cables or apparatus installed therein." 
Quite apart from this authority, my experience is that 
consumers, particularly shop-keepers, are only too 
anxious to afford any assistance within their power in 
order to expedite the restoration of their supply. None 
of the possible consequences feared by Mr. Forrest and 
others, have been experienced with the many services 
of this type that have been laid by the undertaking with 
which I am connected, since this paper was first written. 
The depreciatory remarks of several speakers on this 
question are, I think, due partly to them not having quite 
grasped the essential details and to being unfamiliar 
with its worldng in actual practice. • 

Mr, Ratcliff raises mainy interesting points in the 
course of his remarks. He advocates the use of a 
neutral conductor for a distributor of the same* size as 
the outer, and 1 can appreciate that this may be justi¬ 
fiable in a large city where there may be a considerable 
heating load which renders a reasonable balance difficult 
to obtain, I doubt, however, whether this policy could 
be proved economically sound for general practice, as 
the results of any tests that I have taken indicate the 
usual size of neutral to be sufficient. If steel tubes are 
adopted in the place of earthenware conduits it will be 
necessary to use an armoured cable where, there is any 
roadway vibration, as the latter will quickly wear away 
unprotected lead sheathing. 

I certainly agree with several speakers that it is 
necessary to bond and earth the lead sheathing of a 
lead-covered cable. It was perhaps because this is such 
a- common practice that I made but incidental reference 
to it in the paper. With regard to armouring, I have 
been unable as yet to form any definite conclusion from 
my own experience, but I think that some method of 
bonding it to the lead sheathing as shown in Fig. D is 
beneficial, in spite of the fact that on some networks, 
where no attempt is made to do this, no resultant 
trouble i^ experienced. 


I have never seen a testing strip (as described in the 
paper) applied to a low-tension network, but having 
found it beneficial in the case of e.h.t. cables I made 
reference to it, in the hope that some useful points in 
connection with it might arise during the discussion. 
I ag^ee with Mr. Perryman that a triple-concentric 
distributor has to be isolated immediately under fault 
conditions, but this being the case a testing strip on 
such a cable would be of no advantage, as its suggested 
use was to enable a fault to be located without the cable 
itself having to be disconnected. 1 am inclined to 
agree with Mr. Crellin and others that the cost of such 
a strip on low-tension networks would render it too 
expensive a luxury. I am surprised that in arriving 
at his conclusion of the superiority of the triple-concentric 
cable Mr. Perryman makes no reference to the three-core 
cable, which really is its chief rival. 

Mr. Ambrose seems somehow to have become a little 
confused with regard to my statement that a tluree-core 
cable is only manufactured in sizes up to 0 -5 square inch. 
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Fig. D. 



This is mentioned in connection with feeder cables, not 
distributors, and I agree that a larger size of the latter 
will rarely, if ever, be required. I consider it advisable, 
wherever possible, to drain all manholes and network 
boxes, a Buchan's trap being sufficient to prevent the 
escape of sewer gases. I have not found a non-retnm 
valve necessary for other reasons. It is when it becomes 
necessary to draw a new cable into old existing ducts 
that verj' little clearance is sometimes obtained. 1 
once had occasion to draw about two miles of e.h.t, 
cable with an overall diameter of 21 inches into an 
existing 3 in. duct. I have Imown several cases of 
braided cables jamming yrhen an attempt was made to 
draw them out, with much more clearance than obtained 
in this instance. 

With regard to the arrangement of the cores on a 
triple-concentric cable, I do not suggest that the neutral 
should ever be the inner, as is implied by Mr. Ambrose. 
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This would necessitate cutting through both live cores 
at both positive and negative services. On vulcanized- 
bitumen sheathed cables it is advisable to have the 
outer core the neutral, but I suggest that it would be 
better to have the middle core positive rather than 
negative, as such an arrangement would tend to keep 
moisture from entering the cable. It is only with lead- 
covered cables that, by making the outer core positive, 
the middle core neutral and the inner core negative the 
following beneficial results would ensue :— 

(1) Accidental damage would be immediately ap¬ 

parent. 

(2) Osmosis would tend to keep the cable drier. 

(3) The maximum pressure between two cores would 

be 240 volts instead of 480 volts. 

(4) A mechanically stronger outer core would be 

obtained, an advantage mentioned by Mr. 

Crellin. 

I am familiar with the method of eartliing the neutral 
described by Mr. Ambrose and referred to by Mr. 
Raphael, and it is the one to which I refer on page 344 
in the section dealing with three-core cables, I do 
not, however, agree that to have a limiting resistance 
in the neutral earth circuit ** will at any rate prevent 
the risk of a 480-volt shock,*' this being a disadv^tage 
cited in connection with the system described in the 
paper ^which is really the same method without the 
resistance. Should an earth occur on, say, the negative 
conductor, there will be 240 volts across the resistance, 
and the positive conductor will be 480 volts above 
earth. The only effect of the resistance in allowing a 
leakage current to pass through the fault will be to 
increase the distribution losses by an amount depending 
on its ohmic value and, in the case of a multicore cable, 
to hasten the spreading of the fault to a short-circuit 
between cores. It does not reduce the liability of 
damage to consumers' installations under these condi¬ 
tions, and for this reason I agree with the principle of 
the fusing arrangements indicated by Mr. Rawll in 
Fig. C. It is for the same reason that I disapprove of 
the practice of some supply undertakings in terminating 
the neutral conductor of their two-wire services in a 
link box instead of a fuse box. A slight advantage 
obtained by the use of a series of fuses, the heaviest 
of which would correspond to the setting of the circuit 
breaker, is that an additional warning is given in the 
case of a fault which is sufficient to blow one of the 
lighter fuses but would not operate the circuit breaker. 
I reconynend the use of tape-armoured cable for laying, 
direct, as I consider that it provides better protection 
from the blow of a pick than does wire armouring, but 
tlie latter would appear to be more immune from the 
chemical action of certain t}^®^ of ground. 

With reference to Mr. Raphael's remarks regarding 
tlie cost of energy wasted in a feeder, I would point 
out that the second expression in the formula given in 
tlie paper is intended to take into account the fact 
tliat the maximum losses occur at periods of peak loads. 
Were this not the case no additional plant would be 
necessary to cope with them. As the running costs per 
unit at peak loads will be less than the average running 
costs, one would be erring on the right side by taking 
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tlie latter, even if it did not represent a closer a.pproxi- 
mation to the correct figure. By reconstructog the 
first part of the appendix 1 hope that I have elimmated 
what may have been a slight cause for misconception. 

I think that Mr. Wigham is inclined to be too 
favourable to the three-core distiibutor in his estimate 
of the time taken to make the service joints, as com¬ 
pared with that in the single-core distributor. In the 
first place it .is only the larger consumers (whose load 
is sufficient to necessitate it being balanced across both 
sides of the system) that require a three-wire service, 
so that in the great majority of cases only two boxes 
are required for single-core cables. Furtliermore,^ it is 
not correct to take the actual time to make the joints 
without considering the conditions imder which they 
are made. For instance, in actual practice considerable 
time is saved by the jointer being able to prepare me 
distributor cables to suit the type of box used, whilst 
his men are excavating the ground, etc., preparatory to 
la 3 dng the service cables. The costs of laying complete 
services should be compared together with the time 
taken to carry out the whole work; this introduces 
the human element of the average jointer which, in 
my experience, enables him to return to tlie works sLt 
the end of the day at the same time whether he has 
laid a twin, concentric or single-core service. With a 
length of 8 yards a concentric service will cost about 
10s. more than a twin cable, and the increased cost of 
single-core cables over twin cables will vary from 26s. 
to 35s., depending upon the type of boxes used. 

Mr, Baker appears to be in a very comfortable position 
in that none of his cables are loaded up to more than 
one-quarter of their capacity. , 

Mr. Blades and others refer to the difficulty of makmg 
earthenware conduits thoroughly watertight. The 
following instance where this was obtained may be of 
interest. About two years ago a conduit line was Imd 
through on old slag heap ,and it was considered advisable 
to take every precaution to ensure that the e.h.t. cables 
that were to be drawn into them would be free the 
action bf any acids contained in such ground. The 
joints of the conduits were accordingly completely 
surrounded with a mixture of cement and granite chip- 
pings, care being taken to see that the whole of the 
joint was enclosed. It was thought that the water 
would be more likely to take tlie easier path through 
the surrounding porous ground than to penetrate such 
a formidable object as protected the joints. That this 
reasoning was justified was shown by a rec-ent test. A 
piece of clean, dry rag was pushed through two of the 
spare ducts and in both cases it came out only slightly 
moist," in spite of the fact that the ground about 
the conduits was saturated by the almost contmuous 
rainfall that had occurred from some time prior to the 
test. When the rags were tested they were found to be 
quite neutral, whilst the water contained in ground 
showed unmistakably the presence of acids, which 
would indicate that even this trace of moisture had not 
come through the joints of the conduits. 

1 have only once had experience of trouble caused 
by the movement of drawn-in lead-covered cables. 
This was on a length of three-core 6 000-volt cable 
which supplied chiefly a large hand-operatea electric 
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furnace. Practically all the wiped joints had to be re- 
plumbed. The trouble in this case was perhaps not so 
much due to expansion and contraction as to the effect 
of the very unbalanced load that occurred for some 
time after the furnace had been recharged, when there 
would be as much as 100 amperes out of balance, first 
on one core and then on another. 

Mr. Blades is obviously right in assuming that the 
two neutral cores of a looped-neutral service are of the 
same size as the neutral of the distributor; the sketches 
shown in Figs. 6 and 7 are only intended to be diagram¬ 
matical. I do not recommend this type of service on 
distributors having a neutral larger than 0*1 sq. in. 

1 refer Mr. Allen to my previous remarlcs as to the 
reason why certain non-standard sizes of feeder cables 
are compared. The length of transmission possible will 
usually be calculated from the nodal point and will be 
independent of the feeder drop which his figures seem 
to include. I quite appreciate that single-core armoured 
cables would be of no use on an a.c. system, but 1 must 
remind Mr. Allen and Mr. Romero that the object of the 
paper is to discuss the application of various cables of a 
three-wire d.c. network, any advantages that some cable 
may have for other purposes being beyond its scope. 

The case mentioned by Mr. Smith will necessitate a 
choice between the two evils of subsidence and corrosion. 
If both are equally probable I should prefer to risk the 
latter by laying direct a wire-armoured cable well served 
and compounded and surrounding it with some substance 
such as clay brought from another site. 

The figures given in Table A by Mr. Forrest show 
clearly the disadvantages of single-core vulcanized- 
bitumen cables wherever full use can be made of the 
higher permissible loadings of the other types mentioned. 
This is substantiated by the fact that very few authorities 
are now laying such cables. 

I do not like the example taken by Mr. Davidson of 
jointing a three-core cable on to a single-core distributor, 
as this will to a large extent nullify the advantages to 
be gained by having all parts of a network composed 
of single-core cables. The lead " tee ** box seeifls to be 
the best for efficiently bonding the lead and for pro¬ 
viding a perfectly watertight joint. It is, however, 
mechanically weak and requires protecting; also some 
method of bonding the armouring has to be devised. 
Fig. D shows a type of box which, whilst retaining the 
advantages of the cast-iron box, provides a method of 
bonding that is at once both simple and effective. 

The seeming dislike for conduits expressed by Mr. 
Groves is almost as surprising as is liis affection for 
single-core vulcanized-bitumen cables laid solid. Even 
assuming the rapid localization of faults possible on 
thk type of cable under certain conditions, I should 
think that the substitution of lead-covered cables for 
the vulcanized-bitumen cables would very greatly 
reduce the number of faults to be localized, a fact that 
seems to be supported by the experience of Mr. Blades 
in Birmingham which enables him to speak highly of 
solid-laid lead-covered cables. Mr. Groves will notice 
that the costs of distributors shown in Table 6 are not 
based on current loadings and that it is not the costs 
but the times taken to complete alternative services 
which I say are the same in practice. I have already 


dealt with this question of costs in my reply to Mr. 
Wigham. 

As most undertakings are favoured with a monopoly 
in their area of supply, I have always felt that they 
are, in return, mor^y bound to give the best possible 
service to their consumers. A dissatisfied consumer 
cannot transfer his custom elsewhere as in most other 
commercial transactions. It is largely the fact that I 
have found the single-core system to cause the least 
amount of public inconvenience under fault conditions 
that has led me to favour this tj'pe of network. Perhaps 
Mr. Romero is right in suggesting that I attach too 
much importance to the fault question, but in writing 
the paper, the subject matter for which has been obtained 
exclusively from my own experience, I may have lost 
sight of the fact that I have perhaps had more than my 
share of this trouble. 

The scrapping of a vulcanized-bitumen triple-con- 
centric distributor and its substitution by, say, a lead- 
covered and armoured three-core cable is a policy which 
1, as a mains engineer, can heartily support. Unfortu¬ 
nately, directors or committees are sometimes hard to 
convince of the necessity of expending what may be a 
considerable sum from which no financial benefit will 
be derived other than a saving in running costs. There 
may be many reasons for this attitude, more particularly 
perhaps in privately owned concerns, and it is quite 
conceivable that, though such a large expenditure 
might not be sanctioned, it would be considered justi¬ 
fiable to spend an extra 25s. on each of a few looped- 
neutral seiwices in view of the resultant saving in the 
event of faults that are very liable to occur on some old 
vulcanized-bitumen distributors. This could hardly be 
classed as an ** expensive" pi’ecaution. In all the 
calculations given in the paper of the costs of laying 
single-core cables, allowance has been made for the 
increased costs of carting, carriage on returned empties, 
tiles and tlie la 3 ^ing of three cables instead of one. 

Mr. Loveirs suggested anchoring of a drawnrin cable 
at every box seems as opposed to Mr. Groves’s view 
that flexibility is d ired at this point as is the favour 
he shows to wooden trdughing, contrary to the views 
of otiier speakers. I am inclined to agree with Mr. 
Crellin that having the smaller neutral conductor as 
the outer of a triple-concentric cable is to be regarded 
rather as a mechanical weakness than an advantage. I 
am glad that Mr. Lovell is one of the few critics who 
have expressed their appreciation of the difficulty of 
forming conclusions in a paper dealing with a subject 
in which no two jobs are alike. ^ 

In response to Mr. Mallinson’s suggestion I have in¬ 
cluded in the paper, information as to tlie prices of copper 
and lead at the time the various costs were calculated, 

The fires that occurred on consumers' premises men¬ 
tioned by Mr. Lamb when the potential of the neutral 
was raised were probably due to no protection against 
this possibility, such as that described by Mr. Rawll, 
having been taken, I am pleased to find that Mr. 
Lamb has also experienced the benefit of the use of 
conduits under certain busy thoroughfares, as several 
of the speakers in the discussion express the view that 
these are the very places where conduits are impossible. 

Mr, Henderson and Mr. McLellan have evidently 
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overlooked the qualification which follows my remarlp 
apropos the necessity of making a triple-concentric 
cable dead whilst jointing. That there is some incon¬ 
venience and difficulty experienced is evident from Mr. 
Stronach's admission that only 60 to 70 per cent of 
the joints can be made with the cable alive. Mr. 
Henderson will also notice that only in Table 3, relating 
to feeders, are the calculations based on current-carrying 
capacity, wliilst those for distributors shown in T-able 6 
are based on voltage-drop, the sizes of cables being "^e 
same in each case. A.s the remark on page 346 which 
he quotes is in reference only to distributors, his charge 
of inconsistency cannot be substantiated. 

Mr. Berry spealcs from the viewpoint of a very large 
undertaking where conditions are exceptional and 
different from the majority of cases, Where there are 
very many feeders resulting in short distributors I can 
quite appreciate that the limiting factors will tend to 
be the reverse of those stated in tlie paper, feeders 
being limited by voltage-drop and distributors by 
current-carrying capacity. 

Testing for a fault with only the neutral core of a 
triple-concentric cable cut instead of all three cores will 
undoubtedly give unreliable results if lamps or a 
" megger are used for testing. If the cable is tested 
by closing it in tlirough a light lead fuse of about 
15 amperes* capacity, however, absolutely reliable 
result^ are obtained. Should such a test be necessary 
during worldng hours and it is doubtful 'whether the 
fuse has blown o'wing to load or the effects of the fault, 
it is not a difficult matter to open the consumer's m^ 
switches and test again. The cases when this precaution 
is necessary are, however, extremely rare. 

By referring to my reply to Ml*. Henderson, Mr, 
Stronach will see that his first remark is inaccurate. 
I can quite understand his reluctance to speak with 
disfavour of the triple-concentric cable, but after having 
questioned my right to condemn such a type for 
distribu'tors, that he should proceed in liis concluding 
remarks to do the same thing himself by advocating a 
three-core cable for such work is at least surprising. 


Mr. Mitchell has mentioned a substitute for bitumen 
which has given every satisfaction. It would be 
interesting to know whether this compound will flow 
at as low a temperature as bitumen which enables the 
latter sometimes to seal up and so arrest an incipient 
fault due to the slight local heat caused by the leakage 

current. . x xi, 

Mr. Spalding is correct in his assumption as to the 

reason why I have allowed for a neutral cable one half 
the size of the outer. Wliere there are several feeders 
feeding a congested area the adoption of a size such as 
he indicates would no doubt be justifiable. 

I have not found it easier to secure efficient bonding 
on a multicore than on a single-core network, nor have 
I experienced any trouble due to the smaller size of 
neutral cable used on the latter. Any danger there is of 
mechanical damage is certainly eliminated in the multi¬ 
core cable. I have, however, known several cases 
where the neutral of a triple-concentric cable liM been 
burnt Hpar by a fault which left two live cores continuous, 
thus causing considerable damage to consumers’ installa¬ 
tions. I do not quite foUow the description given by 
Mr. Spalding of the fault in a street lamp but if, as he 
says, the fault is a “ dead " short-circuit caused by ^e 
fusion of the outer and neutral fittings, the limiting 
resistance in the station neutral earth circuit would 
appear to have no bearing in the situation as this is 
concerned only with earth leakages. 

It is, of course, quite incorrect to add the figures 
shown in Table 4 to those of Table 3 in order to arrive 
at the whole cost of laying a feeder inclusive of exca¬ 
vating. reinstating, etc. Table 3 itself gives these total 
costs. Table 4 merely showing tlie proportion of these 
amounts, exclusive of cable, that will have to be re- 
incurred should it be necessary at any future time to 
increase the size of the feeder. 

In tlie little experience I have had of fibre condmts 
I have known of no damage being done to the lead 
of the cables drawn into them. Their use 
was, however, discontinued in favour of the earthenware 
conduits. 
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THE USE OF SINGLE-CORE ARMOURED CABLES FOR ALTERNATING 

CURRENTS* 


By G. M. Harvey, Associate Member, and A. H. W. Busby, Student. 


{'Paper first received ZOth SepUmhsr, and in final form 2Qth December, 1924.) 


Summary. 

The paper is intended to form a corollary to that of 
Professor Cramp and Miss Calderwood f and deals with the 
losses involved in the distribution of alternating currents 
in sheathed cables in which the sheath is of magnetic 
material. 

Single-core rubber-insulated cables^ each enclosed in a 
separate iron tube, and also single-core cables armoiu*ed 
with one or two layers of galvanized iron or steel wires, are 
dealt with, and experimental data are given showing the 
measured losses in each case. 

It is shown that, while the losses due to induction in a 
tube are considerable, those in a wire-armoured cable are 
comparatively ve^ small, and also that the distance 
separating f^e individual cables forming a circuit has very 
h^e effect in determining the losses involved. In the case 
of the wire-armoured cable, also, the connection of the 
sheaths of separate cables so as to form a closed sheath 
circuit has no appreciable effect upon the losses, and the cur¬ 
rent which will flow in such a circuit is so small as to produce 
no considerable heating. 


XNTRODXJCTION. 

The gradu^ increase in the voltages employed ii: 
the transmission of three-phase power has introduced 
serious problems in regard to the construction of three- 
core cables, the insulation of which is capable of with¬ 
standing the dielectric stresses involved, and for this 
reason the possibihty of using tW separate, single¬ 
core, armoured cables is of importance. * 

Itshown by Prof. Cramp and Miss Calderwood 
m th^ paper that in the case of a single-core cable 
sheathed in non-magnetic matoial, such as lead, the 
OTculating currents to be expected in the sheath, and 
tte coiMequent watts lost, axe capable of mathematical 
dete^nation. When, however, the material of the 
IS such as to affect the magnitude and dis- 
tribution of the magnetic field set up between two such 
cables these methods fail. The losses in single cables 
earned in iron pipes have also been investigated 
matte^t^Uy by Field, J but this calculation does not 
apply to two such cables laid side by side (whether 
TOlh sheaths Mnnected or not), and further- assumes 
^t toe pipe IS homogeneous over its cross-section, so 
that toe determination cannot be applied to brazed or 
close-]omted tubing, nor to armoured cables. 

In wiring houses also, for Hghting on toe conduit 

o wthout being read at a meetinir. u 

t jroaf'ftaK.E.R., 19’23, vol.'ei, p. 477. 

Journal 1904, vol. 83, p 086. 


S 3 ^tem from d.c, supplies, it is often convenient to 
convey single conductors in a tube in certain parts of 
the circuit. When the supply is alternating current, 
however, it has alwa 3 ^ been regarded as essential that 
every tube should contain the lead and return con¬ 
ductors of a circuit, as it was held that the inductive 
effect of a steel tube carrying a single conductor would 
lead to heating and excessive losses. 

The research under review was undertaken for the 
purpose of investigating the conditions under which 
the use of single-core insulated cables, either enclosed 
in steel tubing of various types of construction or 
armoured with galvanized steel wires, is a practical and 
' commercial possibility. 

Conditions Investigated. 

Seven ^fferent sets of conditions were investigated, 
^e description of the cables and methods of enclosure 
in each being as follows : 

(A) 37/0 "083 in. single-core, V.I.R.!" cable in in. 

(external diameter) heavy gauge, screwed, 
welded electrical conduit (see Table 1). 

(B) 7/0-048 in. single-core, V.I.R. cable in | in. 

(external diameter) heavy gauge, screwed, 
welded electrical conduit (see Table 2). 

(C) 19/0-066 in. single-core, V.I.R. cable in f in. 

(external diameter) light gauge, grip-ccimected, 
brazed-jointed electrical conduit (see Table 3). 

(D) 7/0-048 in. single-core, V.I.R. cable in I* in. 

(external diameter) light gauge, grip-connected, 
closed-joint electrical conduit (see Table 4). 

(E) 37/0-092 in. single-core, V.B.f cable, single 

armoured with 60 galvanized steel wires, each 
0-08 in. diameter (see Table 6). 

(F) 37/0-092 in. single-core, V.B. cable, double 

armoured with 107 galvanized steel, wires, 
each 0-08 in. diameter (see Table 6). 

(G) 19/0-072 in. single-core, V.B. cabl^, single 

armoured with 29 galvanized steel wires, each 
0-104 in, diameter (see Table 7). 

Further details of these cables are given in Table 8. 

Description of the Tests. 

Fig. 1 shows^ the arrangement adopted for all the 
tests. The cable core was coupled in series with a 
variable resistance R and a shunt Sh, across which the 
current coil of a wattmeter W was connected. By 
means of the change-over switch a variable voltage, 
either from a d.c. generator or from an a.c. transformer,' 

♦ Vulcanized rubber. f Vulcanized bitumen. 



Table 1. 

Test (A). 37/0-083 in. V.I.R.* Cable iM»lJ in. Welded Tubing. 
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VoL. 63. 


Note. —^Readings adjusted to 100 yards of circuit. 






Table 3. 

Test (C). 19/0‘056 in, VJ,R, Cable in f in. Brazed Titbing, 
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Note.— ^Readings adjusted to 100 yards of circuit. 
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Test (G). 19/0*072 m, V,B. Single Wire-Armoured Cable. 
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could be applied to the cable, the current in wliich was 
indicated by the ammeter A^. The potential coil of 
the wattmeter was ^ connected across the ends of the 
cable, and the voltage across these ends, or that across 
the ends of the sheath (whether tubing or armour) 
could be read by means of the voltmeter V. The two 
sheaths were bonded solidly together at one end, while 
a switch Sg and an ammeter Ag were connected in 
series across the other ends. In this way the watts 


W 



PiQ, 1 ,—Diagram of connections for tests. 


lost in the circuit, and the voltage-drop, could be read 
with the sheath circuit open or closed, while the current 
circulating in the sheaths, when these were bonded 
together at both ends so as to form a closed circuit, 
could also be read. 

Owing to the short leirgth of the cables which could 
be tested (up to 72 ft. of single conductor or 36 ft, of 
circuit) there was a large difference between the current 



in the conductors and the potential difference between 
them. This necessitated the use of the shunt Sh and 
very careful calibration of the instruments against a 
Drysdale potentiometer on both direct and alternating 
currents. 

In order to avoid possible errors due to adjacent 
magnetic material, etc., the wattmeter was placed in a 
separate room some yards from the cables under test, 
and the connecting leads to the current and potential 
coils of the instrument were of twisted flexible. A test 
at varying frequencies showed that the error due to 
self-induction was negligible. 

Each test comprised three sets of readings, one set 


for e a ch value of (the distance separating the cable 
sheaths), viz. c? = 0, = 12 in., and d = 48 in. 

Each set of readings included the following observa¬ 
tions for each value of the main current: 

(1) Watts lost with direct current in the main con¬ 

ductors. 

(2) Watts lost with alternating current in tlie mam 

conductors 

(a) with the sheath circuit open, and 
(&) with the sheath circuit closed. 

(3) Potential difference between the ends of the 

cable 

(a) with the sheath circuit open, and 

(b) with the sheath circuit closed. 

(4) Current in the sheath circuit with this circuit 

closed. 



the ends of the sheath circuit with this circuit open 
and with the sheaths 12 in. apart. 

The main currents employed during each test were 
approximately those corresponding to a range of 60 to 
150 per cent of the I.E.E. rating of the cable under 
test, with an upper limit of 300 amperes. 

The readings taken under each set of conditions are 
set out in Tables 1 to 7, the values of watts lost and 
voltage-drop being adjusted to a length of chpuit of 
100 yards, or 200 yards of single conductor. 
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Table 8 shows, for purposes of comparison, the 
principal readings under each set of conditions cor¬ 
responding to a current in the main conductor equal 
to the I.E.E. ranting, and for sheaths 12 in, apart. 

The readings given in Tables 1 and 6 are plotted 
in Figs. 3 and 4 against the current in the main cable 
as a percentage of the I.E.E. rating. These curves 
apply only to circuits in which d = 12 in. 

Tests were also made upon samples, about 3 in. long, 
cut from the tubes and armoured cables, to determine 



0‘6 



permeability curves derived from these tests are plotted 
in Fig. 6. 

In F;ig. 6 the watts lost per ampere of main current 
per 100 yards of circuit are plotted, for each of the 
seven tests, against the main current as a percentage 
of the I.E.E. rating. 

Review of the Results Obtained. 

The outstanding facts to be derived from a study of 
the tables and curves are as follows : 

Wa^s lost .—In the case of test (A) the loss is enormous, 
and on a 600-volt circuit would amount to 13*6 per 
cent of the power input for every 100 yards of circuit. 
In test (B) this figure is reduced to 9*7 per cent, in 
test (C) to 2 • 74 per cent and in test (D) to 3 • 68 per cent. 



^e permeability of the circumferential magnetic path 
m the In the case of the armoured cables, the 

pemeabihty given in the table is that of the zone in- 
cludmg the armouring and of width equal to the 
^eter of one armour wire. Primary and secondary 
co^ were wound longitudinally upon the specimens, 

obtained, by means 
of a ballistic galvanometer, for various values of H. 

armoured cables, the . copper con- 
a* portion of the insulation were carefuUy 
the the specnnens, so as to avoid disturbing 

positions of the armouring wires. The 


For the single-armoured cables [tests (E) and (G)] the 

double-awnoured cable 
[test (]^] 4-27 per cent. The corresponding figures 
for watts lost due to dead resistance are : ^A) 0 • 9 

^ wV 1-3* per cent; 

per cent; (F), MO per 

cent; (G), 1*7 per cent. . ^ 

The losses in the armoured cables appear high in 
comp^on with the sheath currents, but, as be 
explained later, this is largely due to the spiral lay of 
tte ^ounng wes. and the loss is a » sheath iL ’• 
rathtar than a ^heath circuit loss." As defined in the 
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paper by Prof. Cramp and Miss Calderwood, she^-th. 
loss '* is the loss due to eddy currents confined to the 
sheaith of one cable, while “ sheath circuit loss ** is due 
to eddy currents in the closed circuit formed by the 
sheaths of two cables when these sheaths are bonded 
together at each end. It will be noticed from Fig. 4 
that the curves of watts lost with sheath open- and with 
sheath closed coincide. 

The watts lost in tests (A) and (B) are quite, sufficient 



to cause serious heating of the tubing. In the other 
tests, however, the heating was too slight to be of 
serious importance and in the case of tilie armoured 
cables it was imperceptible. 

From the point of view of practical working efficiency, 
therefore, it would appear that the use of any type of 
enclosure of a magnetic nature, except brazed tubing 
of light gauge, or single armouring, is impracticable, 
while even in these two types the losses will be ajjproxi-: 
mately double those due to the dead resistance of the 
cables. 

It will be noticed that the watts lost with the sheath 


circuit closed—^the usual condition obtaining in prac¬ 
tice—varies inappreciably with the value of d in 
cases (A), (B), (C), (D) and (F). In case (E), however, 
the value for d « 12 in. is 91 per cent, and for d = 48 in., 
87 • 6 per cent of that for d = 0. 

Sheath current .—^The ratios of sheath current to main 
current given in Table 8 show a very marked difference 
between the tubing and the armoured cables. In 
test (A) the sheath current was but little less than the 
main current, and the tubing became unbearably hot 
to the hand* In tests (E), (F) and (G) the maximum 
cmrrent in the sheath, with a current flowing in the 
main conductor equal to 160 per cent of the I.E.E. 
rating, was less than 1 ampere. 

The variation in sheath current with spacing of the 
sheaths was most marked in test (E), and was com¬ 
paratively slight in all the other tests. 

Voltage-drop .—^The impedance of the system in 
tests (B), (C), (D), (E) and (F) varied between 2*24 and 
6*26 times the dead resistance. In test (A) it was 
22*2 times the dead resistance. In any case, a loss 
of 26*6 volts per 100 yards of circuit, or over 6 times 
the normal allowance for cables carrying direct current, 
is a very serious disadvantage. 

The drop in voltage increases with increasing separa¬ 
tion of the sheaths, the variation being slight, except 
in the armoured cables. In test (E) the increase from 
d = 0 to d = 12 in. was 30 per cent, and from d » 0 
to d = 48 in., 39 per cent. In test (F) the increases 
were 11*4 per cent and 12*3 per cent respectively, and 
in test (G), 28*8 per cent and 62 per cent. 

Theoretical Survey of the Experimental Results. 

The lead and return conductors themselves, and the 
circuit formed by the magnetic sheaths enclosing them, 
may be regarded as forming the primary and secondary 
windings of a current transformer, each winr^g con¬ 
sisting of one turn. 

Since the primary is situated within the sheath, 
there will be a certain amount of primary leakage 
reactance due to the flux within the inner circumference 
of the sheath, but the whole of the counter-flux set up 
by the current induced in the secondary must thread 
the primary circuit, so that there can be little secondary 
leakage reactance, and practically the whole of the 
secondary losses must be due to eddy currents and, 
to a small extent, to hysteresis. 

This being so, the primary leakage reactance cor¬ 
responding to any primary current can be calculated 
by deducting from the total reactance (obtained from 
the primary applied voltage with secondary on open- 
circuit) the mutual reactance obtained from the 
secondary open-circuit voltage under the same con¬ 
ditions. 

Knowing this primary reactance, we are able to 
construct the vector diagram of the transformer und^ 
short-circuit conditions, i.e. with the sheath circuit 
closed (see Fig. 2). 

Considering the case illustrated in Fig, 7, which 
represents the conditions of test (A) when the shea^ 
circuit is open, the direction of the eddy currents in 
the sheath enclosing conductor "a,** and duetto the 
flux in the sheath only, will be as shown in the small 
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elements ag/* namely, away from the observer 

in a 2 and towards the observer in “ aj^." 

Now consider conductor ” 3 .** with its magnetic 
sheath alone. If we assume that the resistance of the 
longitudinal paths of the currents in a^'' and is 
negligible, we shall have these currents concentrated in 
the inner and outer layers respectively of the sheath, 
and each equal in magnitude to the current in the main 
conductor a.'" 

Introducing now the second conductor " b ** and its 
sheath, a portion of the flux due to the current in b '' 
will cut the sheath of *' a and will disturb the dis¬ 
tribution of these currents. For non-magnetic sheaths, 
Prof. Cramp and Miss Calderwood have shown that 
the influence of this second field is of importance. In 
the case under consideration, however, the ratio of the 
flux in the iron of sheath " a,“ due to conductor “ a,*' 
to that set up by conductor b'' is so great that the 
effect is negligible. 

This conclusion is borne out by the experimental 
results, since the increase in sheath current for increasing 
distances d separating the sheaths is only 1 per cent 
in test (A); in test (E), when the permeability and 
sectional area of the iron path is greatly reduced, it 
reaches 40 per cent (see Table 8 ). 

The relative magnitude of the flux in tlie sheath to 
that between the sheaths, is given approximately b\^:— 

^ ^ 0 ’ 2 Iloge(ri/r 2 )iag 
O2 2{0 • 21 loge [d -t- 

2 logio 

where Oi = flux in sheath, 

O 2 = flux between sheaths, 
d = distance between sheaths, 

= external radius of sheath, 
rg = internal radius of sheath, 

I = current in main conductor, and 
I ~ length of one sheath, adjusted^ to 100 
yards of circuit. 

In the case of test (A), for I = 184'amperes and 
d = 30‘4 cm, we have 

= 1.68 cm, rg = 1-376 cm, Z *= 9 130 cm, ^4 = 392, 
so that 

Oi= 0-2 X 184 X log. (1-58/1-376) X 392 x 9 130 
= 18 670 000 

O, = 2{0*2 X 184 X log, (31 • 98/1 • 68 )} x 9 130 
= 2 012 000 

18-67 X 10« „ „„ 

O, 2-012 X 10« ~ 

and the open-circuit voltages due to the two fluxes 
will be 

_ 27r X 60 X 18-67 X 10* 

-i05- 

= 68-3 volts per 100 yards of circuit. 

X 1-2 

«= 6 • 3 volts per 100 yards of circuit. 


Fig. 7 (a) represents diagrammatically a longitudinal 
section through the sheaths, the conditions being those 
described in the tests as sheath circuit open.*' The 
arrows indicate the direction of flow of the sheath eddy 
currents, due to the flux in the sheath, under these 
conditions, the assumption being that the current will 
be more or less concentrated in the inner and outer 
circumferences of the sheaths, represented by tlie 
elements a^^, ag, b^, bg. 

If these were separate conductors forming inner and 
outer thin sheaths and separated by a middle layer of 
magnetic but insulating material, we could readily 
calculate the voltages which would be indicated by a 
voltmeter connected across tlie unbonded ends. The 
P.D. across the near ends of *' and bg," for 




Fig. 7.—^Distribution of sheath currents. 

example, would be that due to the flux in sheath b," 
while the P.D. between a^ " and b^ " would be due 
solely to the flux between the sheaths. 

Since the whole sheath is homogeneous, however, 
and has a low transverse resistance, the connections 
of the voltmeter must be regarded as being 'made to 
every point in the sheath, both internal and external. 

Under these conditions, the actual value of this 
"open circuit" E.M.F. may be calculated by the 
method given in Field's paper referred to earlier in the 
present paper. Field's calculations, however, assume 
a constant value of the permeability throughout tlie 
section of the sheath, although Thomson has shown* 
that the flux density and therefore the permeability 
vary over the section. It is necessary, therefore, to 
base the calculation upon the mean value oi 
Taking the case of the large welded tube [test (A)], 

• EUdHcian , 1893, voL 28, p. 690. 
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the values of the terms in Field's formula are as 
follows:— 

Resistance of total length of tube (including joints) 
= 0*0238 ohm. 

Area of section = 1-8 cm^. 
p = 18*6 microhms per cm cube. 

Maximum value of current = X 184 = 260 = Vi* 
Frequency = 60 = /. 

Mean value of permeability = 618 = /a. 
mi = 0* 000199V(ft//p) =7*1. 

Mean circumference of pipe, L = 9 • 26 cm. 


Vm, 

L 


260 X 7-1 
9-26 


:200 


Thiclmess of pipe = 0*207 cm = h. 
mih = 1*47. 

V^i ir cosh mjh — sinh mjhT ] 
” I VL cosh + cos 

- = 64-8{sm e - sin {d + 1-47)} 

p 

= 64*8 {sin d 4*35 sin (0 1 * 47)} 


Mean square 


p TTJ \p/ 


= 2 100 + 39 500 - 18 260 (-0*1) 
= 43 426 

Root-mean-square of F/p =-• 208 

F = ^ ^ 

Total F =- 9 130 X 2 X 386 + 10-® = 70*3 volts. 

This calculated figure agrees fairly closely with the 
observed value of 72 volts (see Fig. 3). The discrepancy 
is probably accounted for by the inclusion of the resis¬ 
tance of the joints giving a false value to the specific 
resistance. 

Fig. 7 (5) shows the conditions when the sheath 
circuit has been completed by a bond of low resistance 
at each end. The currents in ag and " b^ " now 
practically disappear and the current in the larger 
circuit embraced by ** a-^ and ** b 2 " will be limited 
only by the resistance of the sheath circuit. Further, 
this current, instead of being a maximum at the inner 
and outer surfaces and falling to zero at the centre 
of the ^thickness of the sheath, is now a maximum in 
" a^L and “ b 2 " and falls to zero at the outer surfaces 
(*' a 2 ” and " b^ '*)♦ thus reducing the resistance of the 
sheath circuit. The open-circuit E.M.F. should there¬ 
fore be greater than the E.M.F. with closed sheath 
circuit, and this is found to be the case, the observed 
open-circuit sheath voltage being in every case slightly 
higher than the value of the sheath voltage on closed 
circuit, obtained from the vector diagrams. 

This redistribution of the eddy currents by the 
bonding together of the sheaths might be expected to 
cause very little difierence in the watts lost between 
open and closed sheath circuit conditions, and this 
also is shown by the tests to be the case, as pointed 


out on page 376 when comparing the observed losses. 

AlS the sheath becomes thinner the reduction in its 
resistance to the sheath current on closed circuit becomes 
relatively less and the curves of watts lost for open and 
closed sheath circuits more nearly coincide. 

For the armoured cables, the loss with sheath^ open 
is more marked and the loss with sheath closed is less 
marked, owing to the spiral ** lay " of the armouring 
wires, different portions of the same wire being alter¬ 
nately internal and external to the field. 

A peculiar feature of the curves of watts lost is that 
in tests (A) and (B) the loss with sheath open has actually 
a higher value than the loss with sheath closed, over 
the lower portions of the curves. This is most marked 
in test (B). 

The effect is probably due to variations in the resis¬ 
tance of the eddy-current paths in the sheaths, the 
reactance of which is low, and in the distribution of 
these eddy currents over the sheath section. For low 
values of the main current the value of the flux in the 
sheath is relatively high, and the concentration of 
the eddy currents in the edges of the section, i.e. in 
the inner and outer layers of the sheath, will produce a 
high resistance and a large loss, since the sheath current 
is relatively constant, whereas, with sheath circuit 
closed, the path of the sheath currents will be of lower 
resistance. 

Now the permeability of the sheath, as seen from 
Fig. 6, falls with increasing main current. As tlie 
permeability is reduced, the concentration of the sheath 
eddy currents in the outer layers of the sheath will be 
less pronounced, and the resistance of the path of 
these currents; and therefore the loss due to them, will 
increase at a lower rate than would be the case if the 
permeability remained constant. The sheath circuit 
current, however, flows in a circuit of more or less 
constant resistance, and the loss due to it follows 
approximately a square law. 

It has been assumed throughout that the conductor 
is placed at the centre of the enclosing sheath, so that 
the flui in the latter is uniform over its chcumference. 
In practice it is probable that the insulation of^ a con¬ 
ductor placed in a tube will be in contact with the 
sheath at a number of different points, and the flux 
in the sheath at these points will consequently be 
distorted. The extreme case would be one in which 
the sheath is so large compared with'the conductor 
that the latter lies at the lowest point of the inner 
circumference of the sheath throughout its length. 

In the cases under review, however, it is probable 
that the distortion produced in this way would take 
place at various points around tlie inner circumference, 
as well as longitudinally, and that the sum of these 
effects would produce little total difference in the 
general distribution of flux. In the armoured cables, 
of course, the conductor is fixed at the centre of the 

sheath. , . , i 

The comparison on page 367 of the losses m sheathed 
cables carrying alternating current with those in the 
same cables when conveying direct current, is not 
altogether a just ’one. The difference between the 
curves of "watts loss—sheath circuit closed" and 
" watts loss—direct current" in the tables must, in 
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tests (A), (E) and (F) at any rate, contain, in addition 
to the loss due to sheath circuit current, a certain 
amount of additional copper loss due to skin effect. 
A comparison between sheathed and unsheathed cables, 
in both cases carndng alternating current, would there¬ 
fore be more favourable to the former. 

Conclusions. 

From a survey of the results obtained from the tests, 
and of the factors contributing to those results, it is 
possible to derive the following conclusions:— 

(1) The enclosure of a single conductor carrying 
alternating current at normal periodicities in a sheath 
of iron or steel for protective purposes need not neces¬ 
sarily involve excessive losses, nor produce excessive 
heating of the sheath. 

(2) The higher the permeability of the sheath in a 
circumferential direction, and the greater the radial 
thickness of the sheath, the greater will be the losses 
and heating produced. Standard heavy gauge ” 
welded tubing is unsuitable, but the losses incurred by 
employing light gauge tubing, the seam of which is 
either brazed or merely closed, are of more reasonable 


magnitude. If the sheath is in the form of an armouring 
of galvanized steel wires, either single or double, the loss 
is still further reduced. 

(3) It should be possible to construct a cable in 
which the permeability of the sheath is reduced to a 
negligible value by laying wires of non-magnetic 
material, such as aluminium, alternately with the 
steel wires, or by some similar means. In this case 
the additional loss due to the armouring will also be 
negligible, but the lead and return conductors must 
then be laid close together, as the conditions approximate 
to those of lead-sheathed cables, and the losses will be 
greater with increased separation. For the types of 
cable and sheath dealt with in the tests, the effect of 
incre^i^ing separation, up to reasonable distances, may 
be neglected. 

(4) The loss in cables enclosed in light gauge, brazed 
or closed-joint tubing is but slightly greater when 
the sheath circuit is closed than when the circuit is 
open. In other words, the usual practice of securing 
the ends of the tubing to the metallic casing of switches, 
fuse-boards, motor terminal boxes, etc., will not sensibly 
increase the loss. In the case of armoured cables there 
is practically no increase from this cause. 
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THE USE OF SINGLE-CORE LEAD-COVERED AND ARMOURED CABLES 

FOR ALTERNATING CURRENTS.* 


By Professor W. Cramp, D.Sc., Member. 


(JPapev first received September, and in final form 2Qth December, 1924.) 


Summary, 

In a previous paper Miss Calderwood and the present 
author examined the losses in the lead sheath of a single¬ 
core cable when carrying an alternating current, and con¬ 
cluded that, provided the outgoing and return cables were 
laid within a certain limiting distance of one another, no 
difficulty would arise due to eddy currents in the sheaths 
at normal frequencies. In the present paper this work is 
extended to cover the case of single-core cables that are 
both lead-covered and armoured. 

A theoretical investigation of the reactances and losses is 
carried out and is checked against the actual test figures 
obtained by Harvey and Busby. It is shown :— 

1. That the flux in the armour, the reactance due to that 
flux, and the appropriate hysteresis and eddy losses can all 
be approximately predetermined. 

2. 'Shat for low-tension transmission, lead-covered and 
armoured cables are impracticable with armouring as at 
present constructed. 

3. That the use of such cables for e.h.t. transmission is 
not precluded by the magnetic conditions introduced by 
the armour, and consequently such cables are practicable. 
There would, however, be some difficulties to be overcome 
due to large, capacity currents when the transmission distance 
is great. 


In the joint paper with Miss Calderwoodj* the losses 
in lead-covered cables were examined,* certain rules 
for their use were suggested and experiments upon 
armoured cables were foreshadowed. These experi¬ 
ments have been completed by Harvey and Busby,J 
and from them the limitations of armoured cables and 
of cables in tubes have been deduced in the preceding 
paper. There remains the most important case of 
cables which are both lead-sheathed and armoured. 


1. Correction to Previous Formulae. 


In approaching this problem, approximations adopted 
in the first paper must bo borne in mind. On pages 480 
and 484 of the joint’ paper, attention was directed 
to these approximations, and it was pointed out that 
the effect of the reaction of the circuit eddies upon tlie 
exciting fl^d would be a reduction in the eddy losses, 
which, however, would not affect the general conclu¬ 
sions. If we regard the core and its lead sheath as the 
primary and secondary of a III ratio current trans- 


* The Papers Committee invite written oornmnnications (with a viw to 
pubUcation in the Jourwa if approved by ttie C^OMaittee) on pap^ publtohed 
L the Jwtrrua without being read at a meeting. Communicatos shoifid 
the Sectary of the Institution not later than one month after publicatm of 
the paper to which they relate, 
f Journal Z.£.E.,.i928, vol. 61, p. 477. 

I See page 368; 


former, then the ratio of the R.M.S. currents in the 
sheath and core is given by the relationship 


I V[{‘ 


where M is the coefficient of mutual induction between 
the core and the sheath, L is Maxwell's coefficient of 
self-induction for the sheath circuit and JB is the 
resistance of that circuit. 

In the case of a lead sheath M and L are almost 
equal, so Hiat the mean loss of power in watts per 
cm® of mean sheath surface becomes 


4jrr' (2w/&)2 + U® 


( 2 ) 


where I is the current in amperes in the core, r is the 
mean radius of the sheath in cm, and M, Tj and^ J? 
refer to 1 cm run of the circuit, the two former being 
in henrys, the latter in ohms. Throughout this paper, 
the expressions " cm run ” or “ leng^ of ciremt ’ 
mean the same measure. Thus the phrase " per 
100 yards of circuit" refers to a circuit consisting of 
outgoing and retujm leads each 100 yards long. 

Substituting the values 

, 9-212, _ \-K 

P 20-8 
‘trrS 10«r£fTr 


where K, p and 8 have the same meaning as in the 
paper cited, and taking / = 60, we find :— * 


4-42®/, 1 -V. ,ft_« 

-‘ (») 

/ 1-K\^ , 43-82 ^ 

0.001 1/Nrr _ 1 J- .. . 


If the first term in the denominator be neglected, this 

reduces to P =-Si®(logio X W’ ^^early, as 

on page 481 of the joint paper, where, however, the 
symbol p has been inadvartently printed for P. 

The correction introduced by Eq.uation (3) is not 
important for the case of lead sheaths, as is proved by 
the follcwing table, which refers to standard low- 
tenmon paper-insulated lead-covered cable having a 
nominal core area of 1 s(j. in. and carrying the maximum 
current of 932 amperes allowed by the l.E.®. Winng 
Regulations. 
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Table 1. 


K 

P 

Pi 

m 

Pi/Q 

distance, 1 

0-01 

0-0966 

0-0769 

per cent 

637 

per cent 

427 

in. 

83-4 

0-1 

0-0220 

0-0210 

123 

116 

8-34 

0-2 

0-0088 

0-0866 

49 

48 

4-17 

0'3 

0-0033 

0-0033 

18 

18 

2-78 

0-4 

0-00076 

0-00076 

4*2 

4-2 

2-08 


Note.— nZ = distance from centre to centre of the cables. 
Q = loss in the copper per cm* of mean sheath 
surface. 


It will be noticed that the magnitude of the change 
is only of importance when the sheath circuit loss is 
quite inadmissible. In this connection the effect of 
frequency is of importance and might with advantage 
•have been emphasized before. The sheath losses are 
proportional to the square of the frequency, so that 
where / is below 60, the safe distances given in 
conclusion No. (7) on page 483 of the original paper 
might well be increased. 


and the power lost due to circuit eddy currents in the 
lead at 60 periods and with fuU I.E.E. current (640 
amperes) in the cable is 

P = 0-0009 watt 

Considering now the flux in the armour, Harvey and 
Husby found in test G for S = 16-1 the circum¬ 
ferential flux per cm axial length was 28-6, and more¬ 
over that the circumferential permeance was nearly 
constant. In the present instanced = 0-2 X 640/2-046 
= 62-78, so that M = 3-46 X 10-9 per cm run for 
the armour alone. Since the current in the armour is 
very small, we may add to this the increase in M due 
to the flux in the space between the cables, and M 
beconaes 4-61 x lO”*. The circuit eddy loss in the 
lead is therefore increased from 0-0009 to 0-00166, 
i.e. by about 86 per cent; and the ratio of this to the 
coppCT loss at full load is as 1: 10. So far there is 
nothing serious, but in addition there is the loss in 
the armour, which must be deduced from an analysis of 
the tests. 

-A^^-^ysis of the Losses in Tobes Containing 
Cables. 


2. Application to Armoured Cables. 

This short analysis, together with the permeances 
and losses measured by Harvey and Busby, enables us 
at once to deal with cables that axe both lead-covered 
and armoured. For the effect of the armoiuing is to 
add a new term to the values of M and L, which is 
usually large compared with that due to air alone; in 
consequmice these coefficients become almost inde¬ 
pendent of the spacing of the cables, a result which 
was proved conclusively in the experiments. 

As an example, take the case of a standard 0-5 sq. in. 
low-t^sion paper-insulated cable with the usual bedding 
(0-1 m. thick), and single-wire armoured with gal¬ 
vanized wire 0-104 inch in diameter. Then when 
two such cables placed parallel to one anoth^ with 
centres 2 in. apart are used for a single-phase circuit, 
power will be lost in the copper, in the lead and in the 
armour respectively. The sheath eddy losses in the 
lead SX6 not increased by the presence of the armour 
and «ese remain negligible, although the armour 
Mdy loKes do not. MTien, however, the sheath circuit 
IS dosed as well as that of the armour, the values of 
• ^ change and the sheath circuit eddy current 

rises. The dimensions of the cable are as follows:_ 


Diameter over conductor .. 0-927 in. (2-365 cm) 

Dieter over lead .. 1.307 in. (3-319 cm) 

Diameter over armour .. 1-716 in. (4-366 cm 

radius of lead .. 0 - 6086 in. (1 - 646 cm 

•Pitch radius of armour .. 0 - 8066 in. (2 • 046 cm) 

To admit of direct comparison with the values in t 
first paper, the losses will be calculated per cm* 
mean lead sheath surface, both armour and lead ben 
assumed to be bonded at both ends. 

Then when the cables are unarmoured. 


Mt^ 


9-212, 

10 ® 


1 -.ff 
K 


3-39 

per cm run 


Taking first the case of the cables in tubes, we remark 
that there is no cause for, nor evidence of, a field in 
the tube other than that concentric with the cable. 
Also, the tube being reasonably homogeneonC the 
eddy currents as shown in Harvey’s Fig. 7 represent 
tte condition in the tube sufifidently dosely, as is 
indeed proved by the agreement between the calculated 
and measured values of the open-circuit P.D. With 
^e analogy of the current transformer in our tninria it 
is dear that, on dosing the tube circuit, the difference 


Table 2. 


Test 

Open-circuit 
voltage, V 

Circulating 

current,/ 

Product, VI 

A.c. watts 
D.C. watts 

A 

volts 

71-6 

amps. 

165 

watts 

11800 

watts 

12 J50 

B 

38-6 

24*8 

955 

1 260 

C 

21-6 

22 

473 

510 

D 

27 

7-3 

197 

145 


between the measured values of d.c. and a.c. watts 
for a given current should be the sum of the eddy and 
hystCTC^ losses in the tube. Now the eddy losses 
should be (v«ay nearly) the product of the sheath open- 
Cttcmt voltage and the sheath circulating current, and 
tte h^tOTesis loss can be calculated from the Steinmctz 
formula if a hysteresis coefficient is assumed. Thus in 
the <^e of 200 yards of tube A when the cable is 
carrymg 184 amperes, the d.c. watts are 860, and the 
a.c. watts with sheath circuit closed are 13 000 • so 
that the difference is 12 160. The open-circuit sheath 
voltage IS 71 • 6 and the circulating current is 166 amperes 
eqmvalent to 11 800 watts. Harvey’s calculated meail 
imgnetic density in the tube is 2 924 maxwells per 
^ . Therefore the hysteresis loss is approximately 
"h -—volume of. 200 yards of tube x 2924^-* x 60 
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X hx watts, at a frequency of 60, where h is 
the hysteresis coefftcient. Taking the latter at the 
probable value 0-004, we have Wh = 236; and this 
added to 11 800 gives 12 036, as against the measured 
value 12 160. This agreement is as good as can be 
expected, and leads to the general conclusion that in 
‘ the case of tubes the hysteresis loss is small coinpaxed 
with the eddy loss. Table 2 proves that contention for 
all the tubes. 

4. Analysis of the Losses in the Armour of 
Cables. 

The case of armoured cables is very different, as 
Table 3 will demonstrate. 


Table 3. 


Test 

open-circuit 
voltage, F 

Circulating 
current, I 

product, FI 

A.C. watts— 
D.C. watts 


volts 

amps. 

watts 

watts 

E 

24 

0-5 

12 

1 000 

F 

19-7 

0-46 

9 

2 970 

G 

9-6 

0-32 

3 

220 


permeability of the armour wires. The test value 
for this flux is about 0-27, which would make p 
about 646, a value that is quite possible. This is 
sufficient to check the probability of the assumptions 
just made and to prove the existence of a flux in the 
armour far greater than the circumferential flux. 

6. Calculation of Armour Losses. 

Adopting as a trial value [i — 600, it should be 
possible to calculate the losses in eddy currents and 
hysteresis respectively and to compare the sum with 
the test-results. It should be remembered that with 
such values of fj,, f and the product ([ifIp) cannot 

be regarded as small, and in consequence the flux dis¬ 
tribution in the iron wire will not be uniform ov^ the 
section and the calculation will be somewhat intricate. 
Moreover, since fi is not constant the result will be 
only a rough approximation, but having regard to the 
large ratio r/r^ it is not unreasonable to treat each 
individual wire of the armour as a permeable con¬ 
ducting cylinder magnetized by an external force of 
value H = 0 -2y^(2)l cos 6 sin 27 rftlr parallel to the 
length of the vdre and to calculate the resulting eddy 
loss by means of the Kelvin functions ber (fifjlpl 
and bei * 


Obviously for an explanation of the loss in the 
armoured cables we must look further tlian the eddy 
comp?)nent. If we take a ring of the armour 1 cm 
long, and compare the measured circumferential flux 
per ampere of current in the ca.ble with tha.t wWch 
would exist if the iron were removed, we get an idea 
of the apparent circumferential permeability of the 
armour. The tests of Harvey and Busby show that 
this is about 11. We know tliat the permeability of 
the wire itself must be far greater than this, howeva:, 
so that while the drcnmferential flux is but small the 
flux along each armouring wire must be fax greater. 
We may arrive at its value as follows;— 

If I be the “ lay ” of the armouring and r its pitch 
radius, then the current I is surrounded once by a 
length of wire 

perpieability of the wire and its radius, and if the 
flux through the wire be uniformly distributed, then 


the flux along each wire 






10 


Writing 25jr/li = cos $ and v) = number of wires sur¬ 
rounding the cable, ilien the total flux along all the 
wires iS 

= 0 • cos Bjr 

having a circumferential component (per cm axial 
length) ^ 

= O’ZIftwnTi cos^ $lrl. 

Neglecting the leakage from wire to wire, which must 
under the circumstances be comparatively small, the 
value is that which was measured by Harvey and 
Busby. Now in case G tiie lay is 12i in., or say 12 times 
tile pitch diameter, so that 6 = about 76“ and the cir¬ 
cumferential component of flux per ampere in the cable 
calculated as above is 0-000496ft, where ft is the real 



armour wire. 


For Harvey and Busby’s case G, and with ft = 600, 
and bei = ^8 ap- 

xoximately, the corresponding differential coefficients 
eing — 0-4 and 0 • 8 respectively. 

Then the eddy losses per cm® of iron are 0-0046 
mtt at 100 per cent of I.E.E. rating for the current 
a the core, corresponding to 0-0076 watt per cm 
mgth of cable. In the same way we may arrive a.t an 
.pproximate value for the hysteresis loss. For, writog 
1 V'(ft/)/p = W(iJi,f)lp = where r is the raihal 
[istance measured from the centre of the iron wire, 
he magnetic density in the wire at radius r 

0-2v'(2)ft-rcos 0 V[ber® (x') + bei® (a;'')] 

rom which the distribution of flux over the area of 
-1 _TTio’ IV The variation 




* Lord Kslvih i •< Mathanatlcal and Physical Papers,” vol. J A. Rvssixi.: 
Alternating Currents,” vol, 1, ch. 16. 
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is not very great, but it is enough to make a sensible 
difference in the eddy losses compared with those 
calculated upon the assumption of constant density. 
The average value of B for test G is thus 2 418 ; whence 
talang a hysteresis coefficient of 0*003, and using the 
Steinmetz index, the watts dissipated in hysteresis 
per cm length of cable at 100 per cent of I.E.E. rating 
for the current in the core become 0*0064. Adding 
these to the eddy losses already calculated, we obtain 
0*0076 4- 0*0064 = 0*014 watt in iron loss per cm of 
cable. Now in test G, the difference between the a.c, 
and d.c. watts when 100 amperes were flowing in the 
cable was 12, and the length of cable was 26 ft. 7 in. 
Thus the watts per cm length of the cable were 0*014. 
This agreement seems to the author to be more than a 
mere coincidence; it appears indeed to justify the 
method of analysis and to prove the following points :— 

(A) That the flux density in the armour is far 
greater than that based upon the circumferential flux 
as given by Harvey and Busby. 

(B) That the consequent loss is at least largely due 
to h 3 rsteresis. 

(C) That the eddy loss is due chiefly to currents 
concentric with the armouring wires, and not, as in 
the case of tubes, to currents flowing longitudinally. 

6. Application to Low-Tension Cables. 
Returning now to the 0*5 sq. in. lead-covered and 
armoured cable, we can calculate the loss in tHe 
armour on the above basis. With full I.E.E. rating 
(640 amperes) the result is :— 

(1) H3^teresis loss per cm length .. .. 0*0854 

(2) Hysteresis loss per cm^ mean lead sheath 

surface. 0*0088 

(3) Eddy loss per cm length.0*1706 

(4) Eddy loss per cm^ mean lead sheath 

surface.0*0176 

(6) Copper loss per cm length.0* 1610 

(6) Copper loss per cm^ mean lead sheath 

surface.0*01668 

The sum of (1) and (3) is 0*266, and we may 
roughly compare this figure with that derived from 
test G by increasing the latter in proportion to the 
square of the magnetizing force and to the volume of 
the armouring. This gives for test G, at full I.E.E. 
rating, 0*206, and at 160 per cent of that rating 0*3470; 
whence the calculated value is obviously of the right 
order, and out of all proportion greater than the loss 
in the lead sheath. 

Thus we reach the following conclusion:— 

In low-tension lead-covered and armoured cables 
the loss in the armour is far greater than that in the 
lead, and is of such magnitude as to render the use, 
of these cables impracticable for single-phase circuits 
unless special armouring of high resistance and low 
permeability is adopted. 

With regard to the last suggestion, the case of mining 
cables calls for special comment, for an armour having 
a high resistance to eddy currents would almost cer¬ 
tainly be impracticable from the standpoint of rule 
126 (6) of ^e Mimng Regulations. 


7. Application to High-Tension Cables. 

The case for high-tension cables differs from the 
above, due to the much larger ratio of diameter over 
armour to diameter of conductor. For example, 
assume that power at 22 000 volts is to be supplied 
by means of a pair of single-phase paper lead-covered 
and armoured cables. Then a 0*1 sq. in. cable with 
standard thicknesses of paper, lead and armoming 
would have an external diameter and size of armour 
wire almost the same as those of the 0*6 sq. in. low- 
tension cable which formed the subject of the last 
example. The core, however, being only 0*416 in. 
diameter will carry at most 191 amperes at full I.E.E. 
rating, and in consequence the maximum possible 
magnetizing force, the eddy currents and hysteresis 
losses are correspondingly smaller. The comparison is 
shown in Table 4. 

Table 4. 


Actual Losses per cm Length of Cable {spacing 2 in, 
centres). 



Cable size 

0*1 sq. in. (b.t.) 

0*5 sq. in. (l.t.) 


"(1) In the copper 
(2) In the armour 

0*1 watt 

0*16 watt 


(eddies) .. 

0*021 watt 

0 * 17 watt 

1 

8 1 

(3) In the armour 


r 

(h 3 rsteresis) 

0*016 watt 

0*08 watt 

tA 

(4) Total armour loss.. 
Ratio (armour loss)/ 
(copper loss), per 

0*037 watt 

0*25 watt 


^ cent 

37 

166 


The loss in the lead is in both cases small compared 
with that in the armour, and consequently is neglected, 
but it is abundantly clear from the figures that a good 
commercial possibility exists for high-tension'^ single¬ 
phase armoured cables. For if, in the case of 
22 000 volts, the. armour loss is only 37 per cent of 
that in the copper, it follows a fortiori that it will be 
still less with higher pressures where the insulation is 
thicker. Suppose, for example, that it were required 
to transmit 191 amperes at 132 000 volts by means of 
a pair of single-phase armoured cables, the pressure 
between core and lead being thus 66 000 volts. If we 
assume first that no intersheath is used and that the 
R.M.S. potential gradient is not to exceed 40 000 volts, 
the core will have to be hollow, of an area of 0* 1 >?q. in., 
having a diameter of 1*28 in. (3*3 cm). The internal 
diameter of the lead will be 3*62 in. (9 cm). Taldng 
the thickness of the lead as 0*12 in. and the diameter 
of the armour wire as 0 • 104 in., with the usual allowances 
for bedding, the mean diameter of the armour becomes 
4 in. (10*2 cm). Then assuming the same lay for the 
armour, with fx = 500 and h = 0*003 the losses per 
cm length of the cable at full load are :— 

In the copper .. .. 0*1 watt 

In the armour (hysteresis loss) .. .. 0 * 009 watt 

In the armour (eddy loss). . .. .. .. 0*008 watt 

Ratio (armour loss)/(copper loss), per cent 17 
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This would not be a serious matter, and could in 
any case be easily compensated by increasing the area 
of the copper core from 0*1 sq. in, to 0*12 sq. in,; 
or hy adopting an armour wire of special material. 

8, Reactance of High-Tension Armoured Cables. 

Harvey and Busby have called attention to the 
importance of the reactance drop in an armoured cable. 
They have indicated how this can be calculated for a 
cable enclosed by a tube, but the case of armouring is 
entirely different. The value of ru, the reactance of a 
wire armour, can be calculated most easily by writing 

277 /® 

® “ iPI 

where ® is the ffux produced by and encircling the 
current J.* 

Thus if JFJ 0 • 21 cos 0/r, 

a =5 sectional area of one armour wire, 
w = number of armour wires, 
we have Iso == reactance drop per cm due to iron 

In Harvey's case G, with d = 12 in., at full I.E.E. 
rating from this formula 

Jju =* 0*012 ju, volts per 100 yards of cheuit due to 
the iron 

and Ix = 4*8 volts per 100 yards of circuit due to the air* 

9, Impedance of E.H.T. Armoured Cables. 

Now the energy voltage absorbed by the losses in 
the cable can be deduced from those losses as already 
calculated, and the resulting predicted impedance drop 
can then be compared with the measured value. 

Thus in case G the calculated watts lost in the iron 
were 0*014 per cm at ftill load (97 amperes) and this 
has been shown to be substantially equal to the measured 
value. The corresponding loss in 100 yards of circuit 
is 260 watts. Thus this component of energy voltage 
is 260/97^= 2*67. The resistance of the same length 
is 0-085 ohm, giving an energy coihponent = 8*26 volts. 
The total energy component should therefore be about 
11 volts. The idle component due to the iron with 
u =5 500 is 0*012 X 500 6*1 volts, and that due to 

the flux in air is 4* 8, giving a total again of nearly 11. 
The impedance drop therefore is lli/2 = 15*6 volts. 
The measured value is 16*5. This is certainly as near 
as one could expect from the nature of the calcula¬ 
tions, especially when it is remembered that the tests 
in this case show a considerable variation in fx at about 
this current. Thus it may be said that the method of 
predicting the results again is justified and is consistent 
with aU that has gone before. 

If we take case E, a similar calculation shows that 
the predicted result agrees with the test figure ff 
a = 700. With regard to the error in case G it should 
be remarked that analysis of the test figures indicates 
that the discrepancy lies in underestimating the idle 
component. This is without doubt due to neglecting 
til© flux leaking from wire to wire along the armour, 
to which attention has been called earlier in this pap^. 

The above method may now be applied to ascertain 
the probable impedance drop at fuU load in the 
m RussBU*: “ Alternating Curcenta," 6h. 1, p. 35. 


132 000-volt cable. We have already found the energy 
losses per cm length to be 0*117 watt, so that the 
energy voltage-drop per cm is 0*117/191 = 0*000613, 
corresponding to 4*461 volts per 100 yards of circuit. 
Suppose the cables to be again 12 in. apart. Then the 
idle voltage component corresponding to the same 
length due to the flux in the air is 6*04 volts, while 
that due to the flux in the armour (jit = 500) is 12*12. 
Thus the reactance voltage is 17^6, which when com¬ 
bined with the energy component gives an impedance 
drop of about 18 volts, or nearly 3*6 times as much as 
for the unarmoured cable. There is, however, no 
reason why such a pair of cables could not be laid 
close together, when the impedance drop could be 
reduced to about 14 volts per 100 yards' run, or say 
26 000 volts (i.e. about 19 per cent) in 100 miles* run. 
This is not an impracticable figure; and we conclude 
as before that the presence of armouring is no bar to 
the successful application of lead-covered cables to 
e.h.t. transmission. 

A far more serious question is the great capacity 
current inseparable from such a system. For on the 
assumption that the lead sheath and armour axe both 
earthed, as would be necessary to prevent danger, 
the capacity of the paper-insulated 132 000-volt cables 
would be about 0 * 3 [xF per mile. At 60 periods per sec. 
this means a capacity current of about 6 amperes 
per mile, or 1 200 amperes per 100 miles' run in a 
cable whose normal full-load current does not exceed 191 
amperes. Special means would obviously have to be 
adopted to overcome this disadvantage, but • such 
matters do not fall within the scope of this paper. 


10. Effect of an Intersheath. 


The introduction of a conducting intersheath reduep 
the diameter of the cable for a given voltage, and in 
consequence both the inductive and capacity reactances 
are somewhat increased. Thus cables with mter- 
sheaths are less favourable from the point of view of 
this analysis; not to such an extent, however, as to 
render them entirely impracticable. For while the 
loss per cm® of armour wire is somewhat 
volume of the armouring is distinctly less, so that 
the net result is only a small change. On the 
hand, the intersheath is a help in dealing with the 
capacity currents. We may summarize our conclusions 


as follows:— 

(1) Both the losses and the reactance due to tne 
presence of armour wires about a lead-covered cable can 

be fairly predicted. ^ 

(2) Lead-covered armoured cables for smgle-phase 
low-tension transmission are impracticable 

of the large losses and high reactance introduced by tne 
armouring, unless the armour wires be made of special 
material having very high resistance 
meability. Such armouring, however, womd be in^- 
iiTiHAr thft General Regulations made under tne 


al Mines Act, 1911. ., ^ 

(3) Lead-covered armoured cables for smgle-phase 
L.t. transmission are quite practicable m so ^ar 
ises and inductive reactance are concerned; du 
sir high capacity when used for long distances would 



DISCUSSION ON 

RAILWAY ELECTRIFICATION IN FOREIGN COUNTRIES/' * 


Western Centre, at Cardiff, 7 January, 1924. 


Mr. J. W. Burr : It is obvious that this country is 
a long way behind in the matter of raUway electrifica- 
■faon, and this seems to be due to indecision as to 
wheaer single-phase, three-phase, or direct current 
should be used. I recently read a statement to the 
effect t^t a considerable reduction in the weight of 
locomotives was being brought about, and that a 
l(^motive weighing about 60 tons could be made to 
give ^out 2 000 h.p. How does this figure compare 
with those mentioned by the author ? 

Kilgour; To the list of railwa}^ cited by 
the author might have been added one possessing 
some rather interesting features: this is the light 
^way running from Indianapolis to RushviUe, a 
^tance of about 45 miles. The motor coaches carry 
toansformers and the motors are of the commutator 
type adapted to run on about 600 volts, either direct 
or alternating. Within the boundary of Indianapolis 
the supply is direct current, at the city boundary the 
supply is a 000 volts (a.c.) and transformers are used, 
RushviUe city boundary the supply is at 
600 volts (a.c.) and the transformers are cut out. The 
egresses make the journey in about 46 minutes, the 
right of way being private. The equipment was sup- 
phed by the Westinghouse Co. and, since I last saw 
lie railway in 1906, has probably been considerably 
cna^ged, as experience had even then shown that the 
motors suffered rather rapid deterioration and needed 
rrequent attention. 

I was connected 

wi^ the Taff Vale Railway when that company were 
senously considering the qu&tion of electrification, 
Md, m assomtion with the late Mr. T. Hurry, Ridies, 
the locomotive superintendent at that time, I went 
mto the subject fairly closely. The outcome of careful 
aehberations was a decision that electrification was 
not suited for the short runs with very heavy goods 
tr^c such as obtained in South Wales, but a sort of 
half-way system was adopted of running motor 
coaches on lie line. The result of those deliberations 
^ described m a paper read before the Institution of 
MecWcal Engineers.f At that time the only possible 
electrification was on the 600-volt d.c. system. In 
third-rail system was considered 
higWy dangerous and the directors would not consider 
anyttog but the overhead line system, the cost of 
winch on a 600^olt d.c. system put the matter right 
out of court. Recent investigations on the question 
liaih^ ®Jiown the question in a very different 

ugfft. It has always been a moot point among railway 
^gmeers as to how to deal with goods traffic in a dis¬ 
trict such as South Wales, in which the goods traffic 
predommates. Such runs as that from Cardiff to 

+ (see vol. p. 817) 

p the institHtion ef Meehan^ Engineers, 1906, ptt. 3 and 4, 


Penaxth offer ideal conditions for electrification, and 
further up the Rhondda Valley it is surely a very 
different question, not so far as tlie actual running is 
concerned but as regards the collecting of the coal 
trains and the delivery and sorting of the empty trucks. 

Major E. I. David: The decision of Sweden to 
adopt railway electrification was a sequel to the British 
coal strike of 1921. The Government of Italy was 
forced to take steps for electrification because of that 
strike and because of the abnormal prices of British 
coal whi^ ruled in 1921. Switzerland's decision to 
eleeixify ite railways was not prompted by commercial 
considerations but by a purely patriotic motive. The 
capit^ cost of most of its large hydro-electric stations 
was in the neighbourhood of £120 to £140 per kW, 
equivalent to a yearly capital charge of from £14 to 
£16. If the stations had been run on coal the capital 
charges would not have been more than £26 per kW 
installed. In fact, the actual running costs were higher 
after electrification than before. At the time that the 
Swiss railways were being electrified there was pro(faced in 
that country a most efficient turbine-driven condensing 
locomotive. The turbine and gear were made at Zurich, 
and the whole equipment ran very smoothly. The air¬ 
cooled condenser was fixed in a cab at the back of the 
loconaotive, and the vacuum was 27 inches when the 
machine ran at 40 m.p.h. The overall ef&ciency was 
about 70 p^ cent, an abnormally high figure for so 
small a turbine. As to the position of the South Wales 
railways, th^e short-distance lines, with fixed and 
definite gradients in the downward direction appear 
to be ideally situated for a system of electrifica¬ 
tion, particularly one which could employ regenera¬ 
tive control. The question of erecting super-power 
stations need not arise, because the stations of the 
South Wales Electrical Power Co. or other large 
private generating plants could be used without any 
restrictions. A system employed so successfuUy on 
motor-cars, namely, a driving motor at right angles to 
the axis of the axles, has not been attempted on railway 
work. From 400 to 600 h.p. has been transmitted in 
tto way on some large racing cars and there seems, 
therefore, to be no reason why from 2 000 to 3'?)00 h.p. 
should not be .transmitted in the same way* By this 
naeans absolute flexibility is obtained in a vertical 
direction. Variable-speed a.c. commutator motors have 
been used for electric winder drives giving regenerative 
control, and the only objection that I could raise was 
the large number of brushes; (about 200 sets) on each 
motor. We are constantly being told that railway 
engineers have to solve most difficult problems, particu¬ 
larly in regard to suburban trains, the London Under¬ 
ground Railwa}^ being instanced. It is pointed out 
fhat the frains have to . accelerate up to 30 or 40 miles 
m the space of , | mile and stop in another J mile. 
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The problem of the colliery winding engine is, however, I 
that it has to accelerate to 60 m.p.h. and to come to 
rest in about 45 seconds over a distance of some 700 
yards. 

Prof. F, Bacon : The number of different elec¬ 
trical systems ,m vogue on the Continent is very 
large and it is useful to learn the circumstances whici 
led to the adoption of those systems. I do not think 
that British engineers pay sufficient attention to what 
is being done in other countries. Apart from such 
inen as the author, who pay frequent visits to European 
countries, the average British engineer has a habit of 
neglecting the lessons which can be learnt from Conti¬ 
nental experience. I should like to ask the author 
whether he found the overhead constructional work on 
the Continent somewhat shoddy and of a kind that 
would not be tolerated in this country. Even such 
good engineering countries as Switzerland and Italy 
do not seem to have much respect for high-tension 
lines; they hang them up in the same casual way 
that we adopt in the case of telephone wires. It is 
diflEicult to see from the lantern-slides of the driving 
mechanisms how the flexibility is obtained. With 
tliese arrangements of links and cranks is there ever 
any difficulty in starting ? 

Mr. W. Nairn : In dealing with the question of 
substations and the transformation of high-tension 
three-j^hase currents to direct current, Mr. Roger 
Smith in a recent paper mentioned an apparatus which 
he called a transverter. I should be glad if the present 
author could give any information as to this. 

Mr. W. J. Bache: Is the connecting-rod system of 
drive being superseded simply because the geared 
drive offers greater advantage, or are the inherent 
faults of the connecting-rod drive ^e cause of it being 
substituted by the geared system ? 

Dr. S. Parker Smith (in reply): With reference to 
Mr. Burr’s remark, it might be mentioned that three- 
phase looomotives weighing 60 tons and rated at 2 000 


h.p. were working in Italy as long ago as 1909. It is well 
known that the weight per horse-power in three-phase 
locomotives is very low, but great advance in* 
direction with other types has resulted from the adoption 
of gearing and high-speed motors. 

Mr. Kilgour cites an interesting case of a light railway 
in the United States worked on a mixed system. In 
some cases these have been converted to d.c. working 
the system that should have been adopted from the 
outset for the prevailing conditions. 

The lecture was confined chiefly to main-line working. 
As Mr. Haslam says, views regarding the use of a third 
rail have changed greatly since 1901-2. An overhead 
line with 600 volts would be generally condemned. 
Possibly the present-day solution of his problem would 
be a d.c. system with third rail and locomotives, while 
battery locomotives would be used for shunting, etc. 

Major David’s figures illustrate well how much 
countries are now prepared to pay for economic inde¬ 
pendence. The high cost of Swiss stations was doubtless 
due in great part to the war, but probably the annual 
capital charge would be less than the figures given 
owing to the long period taken for repayment of hydro¬ 
electric works. Experiments are being made with a 
driving motor at right angles to the axis of the axles, 
but results do not appear to be fortlicoming as yet. 

In reply to Prof. Bacon's question, the overhead 
constructional work on Continental railways is usually 
of a lighter type than that met with here, though, 
generally speaking, it would be going too far to call it 
shoddy. * Flexibility in tlie driving mechanisms is 
usually obtained by mounting springs inside the pinions 
of the gearing. 

Replying to Mr. Nairn’s question, as far as the lecturer 
is aware the transverter is not yet out of the experimental 
stage. 

The geared locomotive, referred to by Mr. Bache, 
finds favour because the high-speed motors used with 
it lead to reduced cost and weight. 
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DISCUSSION ON 

"PULVERIZED FUEL AND EFFICIENT STEAM GENERATION."* 

Western Centre, at Bristol, 4 February, 1924. 


Mr. A. J. Newmaa: I am convinced that one of 
the great reasons for the large development of pulver¬ 
ized coal in America can be traced to the fact that 
some of the larger concerns want large boilers, and I 
think it is the largeness of the boilers rather than the 
greater efficiency that has tended to develop other means 
of firing than mechanical stoking. My own view is that 
the alteration of existing plant seems impossible on 
account of the large furnaces that are necessary with 
pulverized coal. I feel that there is more than a little 
danger from ash and clinker troubles, but the author 
states that tliis has been removed by the introduction 
of a water screen, and that there is no slagging is certainly 
a point in favour of the Lopulco S 3 ^tem. The figme 
given by the author of 2*6 per cent ash emission is, 
in my opinion, very low. In existing plants it is almost 
impossible to bring it down to 2 • 6 per cent. 

Mr. W. E. Hardy ; When reading the paper I had 
some difficulty in reconciling some of iiie author's 
remarks. In the summary prefacing the paper he says: 

The author is of opinion that the advantages in 
the aggregate of pulverized fuel are so great that they 
constitute almost a revolution in steam-boiler practice," 
Then under the heading of " Conclusion" he says: 

It is,’ therefore, not altogether an easy problem to 
decide whether for a new plant pulverized fuel should be 
used in preference to mechanical stoking." Again, in 
.speaking of a number of the big American stations, 
he states that" the decision to adopt or reject pulverized 
fuel has in a number of cases been a very close one." , 
The author has, however, now definitely stated that he 
is in favour of pulverized fuel. In the last* Annual 
Return made by the Electricity Commissioners the 
best overall efficiency of any power station in Britain 
is given as 17*8 per cent. Can the author say what is 
the figure for the Lakeside station ? 

Mr. J. W. Fidoe ; The boiler plant described is in 
essentially larger units than that used in the majority 
of power stations, and this factor may to some extent 
affect the comparison of results. The minimum size 
of boiler for which the central pulverizer system is suit¬ 
able appears to be between. 60 000 and 80 000 lb. of 
steam per hour, but the units described are much 
larger. Boiler efficiency is limited by unburnt coal 
in the ashes, and by radiation and heat lost in the 
chimney gases, and as it does not seem possible to 
reduce these losses below 8 per cent the results stated 
represent a hear approach to economic possibilities. 
The large combustion chamber with its double walls 
is a new feature permitting pre-heating of the air and 
at the same time reducing radiation loss ; the application 
of double walls to boilers fitted with mechanical stokers 
is well yorth consideration, since air leakage in boiler 
* Paper by Mr. D. Brownlie (see vol. 62, p. 885). 


settings is one of the difficulties in the way of maintaining 
high efficiency. The ash and clinker produced in the 
combustion of coal is a problem which tlie users of 
mechanical stokers have to consider. Coals with a 
high ash content can be burnt successfully if the clinker- 
ing is not excessive, but it appears that by pulverizing 
the fuel inferior grades can be burned, provided the 
volatile matter is not too low. The melting point 
of the ash in coal is a chemical question, and in the use 
of mechanical stokers is generally ignored, but by 
talcing samples and analyses of the ash much trouble 
can be avoided and higher boiler efficiencies obtained, 
A coal having an ash high in silica and low in bases, or 
vice versa, does not readily clinker, but if mixed with 
another coal containing ash of different composition 
troublesome clinkering will occur. The use of the 
water screen in the bottom of the combustion chamber 
indicates a preference for a coal with a fusible ash, and 
I should like to ask if this is so. In previous experience 
with pulverized coal firing of boilers much troAle has 
been caused by dust being blown out of the chimneys, 
and one large plant in this district had to be shut down 
on that account. The explanation given as to the 
dust produced being of so fine a character as not to 
settle within a wide radius of the boiler house is verj’ 
interesting, but will need further confirmation before 
it can be generally accepted. The use of mechanical 
stokers has been hampered in the past by the limitation 
of width to about 8 ft., rendering several grates neces¬ 
sary if large boilers were to be used. The construction 
of the firebrick arches presented a serious drawback 
to greater widths of grates, while the necessary division 
walls meant a loss of 18 in, in width of furnace for each 
stoker, with consequent reduction of grate area and coal 
burnt. The flat suspended arch has removed the trouble 
with the brickwork, curved surfaces and division walls 
being no longer required, but there is still a limit to the 
width of the ordinary mechanical stoker. At the present 
time a new t 3 q)e of stoker witii a width between side 
walls of 12 ft. is being installed locally, and, judging 
from its design, there does hot appear to be any ;^echani- 
obstacle to making grates of double that width 
with an area of over 600 sq. ft. in a single unit. Pro¬ 
gress on these lines will provide a formidable competitor 
in the firing of large boilers, as the cost of setting and 
driving equipment should be less than for the pulverizing 
system. 

Mr. W. Nfairn: I had occasion to burn oil fuel 
during the coal strike of 1921 and, as it was not a com¬ 
mercial proposition to continue on oil when coal again 
became available, = I considered whether it would be 
possible to use pulverized coal in the oil furnaces. I 
found, however, that the combustion space was much 
too small to pwmit of the use of pulverized fuel, and 
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accordingly mechanical stokers were re-installed. I 
mention this fact to make it clear that there are very 
few boiler plants in the countr}?- to-day with settings 
suitable for pulverized fuel and one hears of proposals 
to install pulverized plants on Lancashire boilers, a 
duty for which they are quite unsuitable. 

Mr, T, Hood : The question of fuel economy is one 
that every engineer should have at heart. My Icnow- 
ledge of local affairs confirms the author^s remarks 
respecting the serious waste that is prevalent. In a 
certain colliery not far from Bristol, using Cornish 
boilers and non-condensing engines with steam at 
60 Ib./sq. in., the fuel consumed is one-third of the 
total coal wound from the pit. On the other hand, 
the consumption at the Great Western Colliery, Ponty- | 
pridd, is, I believe, 2 per cent of the total coal wound, i 
It would appear that colliery owners are not entirely 
blameless in this vital question. There are many 
technical institutions such as those in London and 
Sheffield where fuel technolog}'' is closely investigated, 
and I should very much like to see established, all over 
the country, centres at which any industrial owner could 
apply for guidance respecting the virtues of different 
kinds of apparatus that are claimed to increase boiler 
house efficiency. 

Mr. R. Hodge: In view of the author^s statement 
that the approximate cost for large stations employing 
pulverizing plant is about equal to that of mechamcal 
stoking plant, it would be interesting to have his opinion 
as to what the percentage increase (if any) in prime 
cost would be for a new station employing three 6 000-kW 
turbo-alternator sets, assuming the steam consumption 
to be approximately 11-5 lb. of steam per kWh on 
boiler plant working at 200 Ib./sq. in., the total steam 
temperature being approximately 600° F. 

Mr. H. F. G. Woods : The point in the paper which 
particularly impressed me was the possibility of using 
the bye-jproduct breeze of the lo\v-temperature car¬ 


bonization process. In this connection it would be 
interesting if the author could state the minimum volatile 
percentage witli which the Lopulco system will satis¬ 
factorily deal, since, as there does not appear to be any 
immediate prospect of obtaining large and regular 
supplies of lowrtemperature coke, it would seem that a 
most advantageous application of that system would 
be to employ it for the use of coke-oven breeze. With 
regard to the first cost of the pulverized fuel system as 
compared with thab of a plant employing mechanical 
stokers, the cost of buildings in each case must, of coume, 
be taken into account. The great height of the boiler 
houses necessary with plants employing the Lopulco 
system must make a heavy additional cost which will 
be a serious offset against the undoubtedly numerous 
advantages of the pulverized-fuel system. It would 
be instructive if the author yrould give some indication 
of the extent to which the cost of buildings is affected 
by the installation of pulveiized-fuel plant. 

Mr. D. Brownlie (in reply^ : Many of the points 
raised have already been dealt with in my general reply 
to the whole of the discussion, but I would say very 
briefly that pulverized fuel is a revolution in steam 
generation because it has altered entirely all our views 
on the subject and has also resulted in great im¬ 
provements in the competitive system of mechanical 

stoking. ^ • 

Since the paper was written, boiler plant efficiencies 
as high as 92- 5 per cent are being obtained in the United 
States with both methods of firing, and I believe that 
the overall thermal figure at LaJteside is approximately 
17 260 B.Th.U. per kW, although it must be remembered 
that this covers many items other than merely steam 
generation and pulverized fuel. Finally, mechanical 
stokers are now^ being constructed up to 24 ft. in widtii 
because of the developments of the suspended arch, and, 
so far as I know, the Lopulco system will burn fuel 
containing as low as 3 per cent volatile matter. 


388 DISCUSSION ON “APPARATUS FOR THE PROTECTION OF A.C. CIRCUITS.” 


DISCUSSION ON 

“ THE DESIGN OF APPARATUS. FOR THE PROTECTION OF 
ALTERNATING-CURRENT CIRCUITS.” * 

Western Centre, at Plymouth, 17 April, 1924. 


IVtr• W* Nairn: The most important application of 
the author's system is the complete protection of any 
feeder or distributor in the most complicated networks. 
Such protection in the case of ordinary three-core 
cables has until now been obtained with the Merz-Price 
S 3 rstem of protection, and one of the principal objections 
to this system is the difficulty of balancing the trans¬ 
formers. This difficulty leads to the irritating opening 
of healthy sections during the passage of fault currents 
and also entails extra work when cutting in a new 
substation on a ring main. If the new substation B 
was between substations A and C, the transformers 
in C have to be removed to B to balance with those at 
A and a new set of six transformers have to be installed 
at B and C. To make the protective gear completely 
reliable, I should like to know if the author has any 
sugg^tion^ to make for the supply of current for the 
tripping circuits in substations. This supply is now 
often taken from primary batteries; these require an 
inordinate amount of supervision and, if this is not 
given, the protective gear may fail at the crucial moment 
and the benefits of protection will be nullified. 

IMir* H, P, G* Woods: I am of opinion that systems 
employing pilot wires should be avoided in connection 
with the protection of transmission lines, since the 
pilot wires themselves constitute a source of weakness 
which adds additional risk to the continuity of the supply. 
Personally I b^eve that the plain straightforward 
overload and reverse-current protection of parallel 
f^ders is preferable to the use of a system emplnying 
pilot wires, although the objection to the former is 
that it is not in all cases sufficiently discriminative. 
The author's system of biased relay protection intro¬ 
duces a stabilizing factor which would appear to have 
done rnuch to solve the problem of providing efficient 
protection without pilots. The system also offers the 
advantage that it is possible to tap off smaU loads at 

♦ Paper by Mr. A. S. FitzGerald (see vol. 62, p. 661). 


intermediate points on parallel feeders. The switch- 
gear shown on the lantern slide is now being erected 
in the main substation at Torquay, and the author's 
system of feeder protection is being used in connection 
with it to protect two parallel feeders between that 
substation and the power station at Newton Abbot, 
about 7 miles away. At an intermediate substation 
about half way between Newton Abbot and Torquay, 
a supply is being tapped off each line alternatively to 
the extent of some 200 kVA. 

Mr, J, H. Thomas : It seems to me tliat the intro¬ 
duction of the biasing transformer, which is tlie chief 
point of novelty, is adding a good deal of complication 
without giving sufficient compensating advantages. 
The biasing principle has been generally applied in 
connection with relays and is, I believe, a satisfactory 
method. The particular relay which I have in mind 
is the McColl relay, in which the biasing can He done 
either mechanically, the bias being obtained by adjust¬ 
ing the balance of the beam, or electrically. Referring 
to Figs. 6, 7 and 9, the biasing transformer does not 
appear to have much advantage over the use of biased 
relays. The phantom switch arrangement is certainly 
very ingenious. With regard to the use of biasing 
transformers with split-conductor systems, it seems 
to me again that they add an additional complication 
without sufficient compensating advantages, and it is 
sometimes said that the ordinary arrangemej|it is too 
sensitive. The later figures in the paper seem to be 
very complicated, and it must be borne in mind that 
the internal connections of the biasing transformers are 
not shown in these. It seems to me that we should 
endeavour to use the simplest possible arrangement 
utilizing standard and strong apparatus. 

[The author dealt with the questions raised in this 
discussion in his reply published in the Journal, 1924, 
vol. 62, p. 619.] 
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DISCUSSION ON 


“ POWER CIRCUIT INTERFERENCE WITH TELEGRAPHS AND TELEPHONES.” * 
North-Eastern Centre, at Newcastle, 10 November, 1924. 


Mr. W. T. Dalton : I recognize some of the rotary 
convert^ tests as being those taken on the Newcastle 
machines when I was present, and I should like to 
mention that the diagram and description of Prof, 
Miles Walker’s method for ascertaining the pitch note 
{vol. 62, p. 843) was employed by him during the tests 
mvestigations which were carried out on the con^ 
verters to which I refer. The bottom oscillograph in 
Fig. 14, showing converter No. 1 running alone, was 
taken after this machine had been altered as the result 
of the tests referred to in the paper. The work of 
altering the main poles was carried out in our own 
workshops, all north poles being moved 0-419 inch 
in one direction and all south poles the same distance 
in the opposite direction, thus giving alternate wide 
and narrow gaps between adjacent poles. The com¬ 
mutating poles were not altered. The commutation of 
this machine after the alterations was unaffected and 
it ran, perfectly. Converters that have since been 
ordered of the same kilowatt capacity have been con¬ 
structed with the same arrangement of pole spacing. 
It must not be argued from this that the same treat¬ 
ment could be applied to all machines, as some later 
rotary converters of smaller size and different speeds 
were supplied with the main poles skewed only, with 
satisfactory results. Referring to Fig. 16 (No. 4 rotary) 
no explanation is given as to why the current in^ "^e 
negative cable is greater than that in the positive 
cable. The positive and negative sides of this machine 
are each connected to the switchboard by ^ two 
0-760 inch cables in parallel. Mr. Aldridge mentioned 
in the London discussion that the curves marked 
16 (Fig. D) were taken simultaneously each from 
100 turns of wire wound directly over the respective 
cables. With two cables in parallel, however, the total 
current of the machine may not divide equally between 
each cable, due to a possible difference of contact 
resistance at the terminals. Whether this is the correct 
explanation could only be proved by repeating the 
test with the 100 turns of wire embracing both 
paraJleU cables on the positive and negative sides 
respectively. Interference on telephone and telegraph 
lines may be classed under three headings: (1) Earth 
current interference, (2) induction interference, and 
(3) electrolytic action on underground cables and pipes. 
Some 24 years ago I was present at some tests on an 
overhead telegraph line where it was alleged that a 
tramway running parallel with it caused disturbances. 
A special car was run when the rest of the system 
was shut down, and the times of switching the 
car controller on and off, and the times of the kicks 
recorded on the tape of the siphon recorder connected 
to the telegraph Hne, were found to coincide. This 
Paper by Mr. S. C. Bartholomew (see voU62, p. 817). 


was a simple problem, as by duplicating the line, 
thereby doing away with the earth return, the trouble 
was overcome. This shows that the interference was 
due to the telegraph line being in electrical contact 
with the power lines, not through any fault, but simply 
because both parties were using the earth as a return. 
Tramways in this country, however, are constructed 
with an uninsulated return, and I do not see how they 
could be run otherwise except at great sacrifice of 
efficiency, but I should like to ask the author if, having 
regard to the great development of electricsal power 
that is now taking place in this country, he is able to 
predict that the future will see a telephone system 
designed with its lines and aU parts of its equipment 
insulated from earth. Such a desirable state of affairs 
would remove much of the trouble from which modem 
telephone systems appear to suffer. I agree that we 
must try to appreciate each other’s difficulties with a 
view to solving these problems of interference, but it 
is unfortunate that in the development of the rotary 
converter and modem telephone systems the designers 
of each appear to have unintentionally reached a state 
of affairs whereby the former creates disturbances for 
the latter to receive with such completeness that had 
they deliberately set out to achieve this result t|iey 
could not have been more successful. This paper wffl 
cause future users of converters to insert clauses ^ in 
their specifications to provide for the machines wMch 
fhey purchase being free from the liability of causing 
interference to telephone and telegraph lines, and 
had some of the information contained in the paper 
been kdpt less secret when converters were first found 
to give trouble due to tooth harmonics it would have 
warned designers and purchasers of what they shc)uld 
guard against, in which case some of the later machines 
might never have had to be altered. Some of the con¬ 
verters referred to in the paper had been in service 
five or six years before any complaint was made as to 
their causing interference, and power undertakings d.o 
not welcome the suggestion that they must pull their 
plant to pieces and reconstruct it. The author, m 
replying to a speaker in the discussion at another 
Centre, appears to regard the risk of interference due 
to electrolytic action as being serious. While there 
may be isolated cases of such trouble, I do not think 
that there is much danger to be feared from this cause 
on British tramways. If there is any doubt as to the 
correct disposition of the negative feeders on a tram¬ 
way, investigations may be carried out by constructing 
a model of the system. A suitable room should be 
available where a skeleton map of the system c^ 
be chalked on the floor. (A convenient scale would be 
4 ft; to the mile, or 1/1 320th.) The track and^negative 
feeders would be constructed of wire of correct 
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resistance (to scale), the former being pinned to the 
floor over the chalk lines, care being taken to see that 
all the joints were carefully soldered. The negative 
feeders would be made up as wire spirals, each having 
a resistance equal to the value of the corresponding 
feeder multiplied by 1320. The method of loading 
up the track would be obtained by taking average 
readings from all the feeder ammeters in the power 
station or substations and dividing by 1 320. Current 
representing the tramway load could be fed into the 
various routes, and the model then explored with a 
voltmeter. The results can be compared with the 
voltmeters on the Board of Trade panels, and the 
negative cables on the model may then be altered to 
meet any desired conditions. It is possible to imitate 
the boosting of the rails on such a model. The rails 
of a tramway system with the negative cables form 
closed circuits of low resistance, and the current values 
follow Kirchhoff’s law of superposed currents. There 
should therefore be no difference of voltage between 
the various points on the rails where the negative 
cables are connected to the rails. Any such negative 
point that is at a higher potential in relation to another 
negative point should have the corresponding feeder 
increased in section, or the negative points at lowest 
potential should have resistance inserted. 

Mr, F, G, C, Baldwin: The subject dealt with is 
one which has been regarded by many as most con¬ 
tentious, and it is one upon which widely diflerent 
opinions have been expressed. It is, however, a fact 
that the problem is equally important to electrical 
engineers generally, both those engaged in the lighter 
and those in the heavier branches. Although different 
mterests axe concerned and divergent views are held, 
it is pleasing to testify to the very amicable relationship 
which obtains in this district between engineers of the 
Post Office and of power supply and electric traction 
undertakings, and which the activities of the Insti¬ 
tution have done much to engender. The problem 
of interference, serious as it is at present, is likely to 
become of even greater importance as the telephone 
and telegraph and electric power supply systems 
develop, a development which all electrical engineers 
are anxious should take place in the fullest mea¬ 
sure. To the interference already experienced in 
ordinary telephone and telegraph working must now 
be added the possibility of interference to broad¬ 
casting. There are now approximately a million 
listeners licensed to receive broadcasting, and it is 
essential that their interests should be safeguarded. 
It would seem that the increase of extra-high-tension 
overhead lines may be injurious to undisturbed recep¬ 
tion in broadcasting, by reason of the fact that such 
lines virtually constitute transmitting aerials. Can 
the author say if any cases of interference to broad¬ 
casting from tins cause have occurred, or if interference 
is anticipated ? It is customary, and perhaps not 
unnatural, to chafe under control, but attention is 
drawn to the chaos which has resulted in America 
from the absence of suitable control in regard to broad- 
castog and to the contrast between that state of 
affairs ^md the far superior arrangements in vogue in 

this country. This has a parallel in the matter of 

» 


interference. It is believed that in America it has 
been necessary to set up numerous committees through¬ 
out the United States for the purpose of dealing with 
local questions of interference. In this country the ser¬ 
vices of such committees have been rendered unnecessary 
by the system of control which is in operation. 

Mr. C. Whillis: The author apologizes for presenting 
certain portions of his subject matter in an elementary 
way, but no apology is needed in this connection. If 
co-operation is to be effective, each side must under¬ 
stand the problems with which the other contends, 
and in my experience this is just the rock on which 
co-operation is likely to split. The power engineer, for 
example, has difficulty in realizing the extreme sensi¬ 
tiveness of a telephone receiver, while the telephone 
engineer labours under a similar disadvantage with 
regard to many power problems. Such difficulties are 
very clearly dealt with by the author and it is quite 
certain that his paper, carefully studied by both the 
interested parties, will go a long way to produce that 
sympathetic appreciation of mutual difficulties which 
is essential to successful co-operation. Fig. 18, which 
shows the twist system of transposition of communi¬ 
cation line wires, does not tell the whole story. A 
uniform system of this kind is satisfactory for circuits, 
of moderate length and light gauge, but with long 
circuits of heavier gauge, trouble is experienced between 
contiguous groups, and it is necessary to ii)tioduce 
tr^sposition crosses in addition. Should power cir¬ 
cuits exist alongside sections of a long route, tertiary 
effects would accentuate this trouble. For the reasons 
stated in the first paragraph on page 840, I think that 
it is somewhat dangerous to set up different standards 
of permissible interference for telephone and telegraph 
routes. In this country telephone and telegraph cir¬ 
cuits are so intimately associated, both on open routes 
and in cables, and main routes are so interconnected 
with cross-country routes, that the risks of tertiary effects 
are very great. On page 846 the author^ indicates 
that extremely high voltages are in some cases impressed 
on communication lines. It would appear that such 
voltages might be a source of danger not only to 
internal plant but also to men working on communica¬ 
tion lines at points remote from the existing power 
system. Have any such cases arisen in this country ? 

Mr. R. W. Gregory; Mr. Dalton has mentioned his 
expmence with a machine which, after running without 
causing interference for five or six years, became a 
trouble to the telephone system when changes in design 
were made to the latter. This, of course, affiows us 
that it is advisable to look to the future. It is quite 
certain that, if this country is to be ** electrified," we 
must look for large developments in the mileage of 
overhead power lines during the next few years, and 
at the same time we must expect a large increase in 
the number of telephone subscribers in the countiy 
before " saturation " is reached. Moreover, I take it 
that the tendency in telephony, as in power supply, is 
to increase the amount of automatic apparatus. I 
should be glad if the author would say whether the 
automatic telephone systems which may be adopted 
in the future are any more liable to interference than 
the existing manual systems, and also whether any 
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Special precautions against interference are necessary 
owing to the use of automatic telephony. 

Mr. H-Kitchen : The balancing of lines and apparatus 
is common to all metallic circuits installed by the Post 
Office Engineering Department, and eyery care is taken 
to eliminate electrical disturbances from outside sources. 
Whether these methods are successful or otheru^e, 
the public is left to judge. Recently a valve amplifier 
has been introduced by the Post Office, and this device 
can be attached to any subscriber’s telephone. This 
innovation is a boon to those who are somewhat deaf, 
but it has the drawback inherent to all amplifying 
devices, that it not only amplifies the sound waves 
but increases other noises. Minute disturbancesi which 
are not noticeable on a long trunk circuit under ordinary 


conditions, become audible when an amplifier is used, 
and the elimination of extraneous noises becomes a 
more pressing proposition. Mr. Gill’s Presidential 
Address quoted by the author has already borne fruit, 
and a committee of telephone experts from most of 
the European countries has decided upon a programme 
of long trunk lines, which will place England in com¬ 
munication with places as far distant as Genoa and 
Madrid. The problem of the elimination of disturbances 
due to electric tramways, railways and other systems 
wm be a very difficult one. Can the author say whether 
any special measures have been decided upon ? 

[The author’s reply to this discussion will be found on 
page 394.] 


North Midland Centre, at Leeds, 9 December, 1924. 


Mr. W. E. French: I should like to supplement the 
author's remarks on slot harmonics by some facts which 
may not be common knowledge; any statement on 
slot harmonics is of importance, as they seem to be 
among the main offenders in power-circuit interference. 
Before dealing with these harmonics proper, it is 
necessary to touch on '' phase-changed ” higher har¬ 
monics, which Zenneck first observed with the simple 
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experimental circuit shown in Fig. H. A circuit con¬ 
taining capacity and self-induction in series is connected 
to the terminals of an alternator. The wave-shapes are 
taken bj" an oscillograph. By choosing suitable values 
for the adjustable capacity and self-induction the 
natural frequency of this circuit' can be tuned to any 
harmonic present in the generator. In this way it 



becomes possible to sift out any desired harmonic, and 
subject it separately to investigation. They will mostly 
appear as pure sine waves and are classed as normal 
harmonics. There are, however, other harmonics pos¬ 
sible (shown in Fig. J), and known as abnormal harmonics. 
It will be noticed that after one-half of the fundamental 
period has elapsed, a phase-change of 180 degrees in 
the E.M.F. or current wave has taken place at a txaie 
indicated in the diagram at a.” From here onwards 
there exists in the resonance circuit an E.M.F. which is 


in opposition, and which gradually reduces the ampli¬ 
tudes to zero ; this occurs at the point ** b,'* where fhe 
phase-change becomes definitely visible. An inspection 
of Fig. J might suggest that this curve is the resultant 
or beat curve of two having different frequencies. This 
is not the case, and there is only one single harmonic 
present. Such phase-changed harmonics have been 
investigated by Zenneck and Rogowski, and a very 
complete discussion will be found in Annalen der Pkysik 
{1906, vol. 20). The next step is to show that such 
abnormal harmonics may be present in generators. In 
most textbooks the calculation of the induced E.M.F. 
is based on a distribution of the fiux densities such as 
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occur with smooth-core armatures; this is somewhat 
misleading as it tempts the unwary to overlook the 
influence of the field fluctuations. The latter are a 
result of the varying values of the permanence as slots 
and teeth pass a given point of the pole shoe. The field 
curve will in reality assume a shape similar to that 
shown in Fig. K. The field curve has decided higher 
harmonics with amplitudes varying about the mean 
curve of fiux densily, the latter serving as the basis 
of calculation of the generated electromotive force. 
The period of these harmonics depends on the slot 
pitch, and their frequency can be calculated from the 
relation given by the author, viz. P = N X S X R/60. 
Their amplitude must depend on the relative values of 
width of tooth, teeth saturation and radial length of 
air-gaps. It is not unusual to design alternators with 
an even number of teeth per pole. The result is that 
the higher harmonics will also be even. On the other 
hand it is well known that normal, even harmpnics can 
have no existence in the wave-shape of such machines. 
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Therefore tooth ripples of an even order can enter into 
the alternator wave-shape only as phase-changed higher 
harmonics, when the symmetry of the alternator wave 
is preserved. The presence of the phase-changed 
harmonic may be explained as follows: Let there be 
a whole number of slots per pole arc in Figs. L {a) and 
L (6). In the position a the number of flux-carr 3 dng 
teeth is a minimum, while in position " b " that number 
becomes a maximum; thus the permeance of the 
main flux undergoes considerable periodic fluctuations. 
Hence the main flux will be subject to periodic variations, 
the period of each change corresponding to the slot 


Fig. L. 

pitch. These flux pulsations will be most effective when 
coil centres and pole centres coincide. When the 
coil sides are under the pole centres the flux pulsations 
will be of minimum effect. The flux pulsations are of 
the same phase, but of opposite sense under consecutive 
poles. The position of centre-line coincidence of coil 
and pole being that of maximum flux linkage with 
respect to the higher harmonics, their maximum voltage 
will be induced in this position. As the coil travels in 
the direction of the arrow (Fig, M) the coil linkage witib 
the flux pulsations will decrease until zero linkage is 
reached in the neutral zone. The resultant E.M.F, 



Fig. M. 


curve so obtained is shown in Fig. M, I. Simultaneously 
as the coil passes from right to left, it will graduaUy 
be subjected to the influence of the south pole until the 
coil centre reaches mid-pole position south. The result¬ 
ing E.M.F. curve is shown in Fig, M, II. If these two 
curves are superposed, the E.M.F. curve due to the 
field pulsations is found, and is shown in Fig. M, III 
This curve is obviously a phase-changed higher harmonic 
^ demonstrated by the experiments of' Zenneck. The 
influence of this harmonic on the fundamental E M F 
wave is comparatively small. In this connection it must 
be remembered that the phase-clmnge takes place when 


the coil sides are in the centfe-jpole position. As this 
is also the position of maximum E.M.F. of the funda¬ 
mental, the phase-change of the harmonic will occur 
near the minimum value of the fundamental E.M.F. 
wave. Superposing the higher harmonic on the funda¬ 
mental in this sense (Fig. N) it will be seen that its 
effect is not marked, and that the resulting wave closely 



approximates to a sine curve. Another case may be 
cited, when the pole arc contains a fractional number of 
the slot pitch [Figs. 0 (a) and 0(6)]. Here no pro¬ 
nounced variation exists in the permeance of the main 
field, the number of flux-carrying teeth remaining 
sensibly the same. An inspection of the positions 



Fig. O. 


[Figs. O (a) and 0(6)] wiU show the possibility of a flux- 
swmg in a direction opposite to the armature rotation. 
This oscillation must have a maximum effect on the 
coil sides which are in the centre of the poles, thus 
producing a phase relation of the phase-changed higher 
harmonic with respect to the fundamental wave, which is 



exactly opposite to that in the previous case, i.e. the 
phase-change will occur in the neighbourhood of the 
maximum of the fundamental wave. Again, superposing 
the higher h^monics on the fundamental in this sense 
P), it will be observed that its effect is considerable. 
I^hese harmonics are also present in non-salient-pole 
alternators. ' The remedies are similar in both types of 








TELEGRAPHS AND TELEPHONES.” 


393 


marViinfig ^ viz. high tooth satiiratioii, relatively large 
air-gaps with small slot-openings; in salient-pole 
generators a pole arc which is as near as possible a whole 
n initi plft of the slot pitch; with non-salient-pole 
machines a different number of teeth in rotor and in 
stator. Another method is the '* skewing ” of the field, 
mentioned by the author as applicable to the salient 
and non-salient types for the suppression of higher 
harmonics. In conclusion I would suggest the following 
additions to the author’s bibliography:— 

WORRALL. G. W.,‘ and Wall, T. F. ; Journal I.E.E., 
1906, vol. 37, p. 148. 

Zenneck, J., and Strasser, B. ; Annalen der Physih, 
1906, vol. 20, p. 769. 

Rogowski, W. : Ibid., 1906, vol. 20, p. 766. 

Arnold, E., and la Cour, J. L. : " Die Wechselstrom- 
technilc/* vols. 4 and 6. 

Mr. G. W. Hammond: In case it may be thought 
that to some extent the Post Office maintenance may 
be at fault. I think it worth while to mention that so 
far as overhead lines are concerned a very high standard 
is set up, and in the case of underground cables a 
standard of no less than 10 000 megohms per mile of 
wire is insisted upon before the cables are accepted 
from the contractors. I have in mind one of the 
earlier cases of the high-tension power lines constructed 
in this district, where there are road crossings and the 
power wires at the crossings are carried on the same 
poles as the main trunk line. Interference in the nature 
of a high-pitched note was reported on a circuit some 
200 miles in length, and it was finally located to a 
section of line 10 miles long. Careful investigation 
was made on this stretch of route, and the trouble 
was definitely established to originate at a joint power 
pole crossing. The line conditions specified for such 
crossings are that the power wires should cross at 
right angles to the main trunk lines, but owing to 
physicals difficulties it was not possible to attain the 
ideal at this particular point. The high-tension wires 
approached the trunk line at an angle approaching 
60®, and the same physical difficulties caused the Post 
Office construction to be imperfect in the matter of 
symmetrical’twist. The resulting defect was this high 
** singing note, which was, I think, “ D ** in the second 
octave above middle. We overcame the difficulty as a 
temporary measure by running over the four spans a 
length of lead-covered 1-pair cable of 40 lb. conductor, 
the lead covering acting as a screen and giving the 
xequir^ immunity from interference. The transmission 
was degraded by reason of the harmonic from the 
high-tension supply.- It was less degraded by the 
introduction in the particular case of the short length 
of lead-covered cable. I have in mind a case more 
recent than the one I have just quoted, of a London 
line running to an East Coast town. That would 
appear to be sufficiently remote from the West Riding, 
but the circuit was routed via a main cable passing 
•through Leeds. The main cable had a high order of 
insulation, in the neighbourhood of 18 000 megotos 
per mUe. It was balanced for wire-to-wire and wire- 
to-earth capacity, and. was loaded with impedance 
coils to neutralize the capacity effects.^ A high note was 


observed on this particular circuit, and it became 
intolerable, or at any rate the disturbance was amplified, 
due to the fact that the circuit was in repeater at 
Birmingham and at Leeds for the purpose of improving 
the transmission. In improving the transmission we 
also amplified the disturbance. This disturbance was 
finally and definitely found to be brought into the 
cable from an overhead line which ran parallel for a 
short distance to a West Riding traction system. So 
far as the other circuits on that particular overhead 
route were concerned, some disturbance was noticeable, 
but it was not of such a pronounced character as that 
which was reported in connection with the long-distance 
circuit. The two instances I have quoted may be 
thought to be exceptional, but there are quite a number 
of circuits which are to some extent degraded in trans¬ 
mission but which are not sufficiently interfered with 
to warrant them being reported by the Post Office 
Traffic Department. 

Mr. W. R. T, Skinner: I should like to have the 
author's opinion as to the use of drainage coils on tele¬ 
phone circuits for the purpose of keeping down to a 
reasonable value the average potential of the latt^ 
with respect to earth. This is particularly necessary in 
connection with communication circuits supported on 
poles carrying power lines working at high voltages, 
as, in such cases, it is not uncommon for excessively 
high and dangerous voltages to be induced in the com¬ 
munication circuits unless some method of reducing 
the potential is adopted. If repeating coils axe used 
at the instruments and the distance between the latter 
is not very great, the centre point of the winding con¬ 
nected to the line can be earthed and drainage coils, 
as such, eliminated, besides introducing additional 
protection in the form of insulation between the bwo 
windings of the repeating coils. There may be a slight 
objection, from the operating point of view, to the 
transposition of power lines, in that with a transposed 
system it is not quite so easy to follow one particular 
wire, when making a pole-line inspection from the 
ground', as it is when tire wires maintain the same 
relative positions throughout the length of the line. 
In this connection, if transposition is not resort^ to, 
it is, I believe, better to adopt a triangular spacing of 
power wires rather than a horizontal or vertical spacing. 
Of the two last-named arrangements probably hori¬ 
zontal spacing is the better if the communication 
circuit is carried beneath the power wires on the same 
poles, as it would appear to give a better balance of 
line constants. It is fortunate that both the com¬ 
munication engineer and the power engineer are 
interested in the removal of harmonics and the elimi¬ 
nation of residual currents. 

Mr. A. C. Mayman: In investigating a case of dis¬ 
turbance recently I noticed one effect which does not 
appear to be mentioned in the paper, namely, the 
inductive effect seemed to have two components. There 
was a high singing note due to slot harmonics, which 
did not seem to give much cause for complaint as 
‘ speech could take place without interference. In 
addition, however, the rising note of a car motor was 
superimposed. A tramway system was concerned and 
the cars climbed a stiff hill. When they were fairly 
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well loaded, on going up this hill they created a dis¬ 
turbance which was more pronounced than the high 
harmonic note. I should like to ask the author whether 
the elimination of the high note will bring in its train 
the elimination of the rising note due to the car motor, 
and, if not, what he would suggest would be the best 
course to adopt. It would appear that the flux thrown 
out by the harmonic is the cause of the car pulsation 
being carried into the telephone line. 

Mr. J. W. J. Townley: The particular aspect of the 
paper that appeals to me is the question of responsi¬ 
bility for dealing with the troubles which the author 
describes. The individuals responsible have been placed 
in the following order, the designer, the power engineer, 
and the Post Office engineer, but I would suggest that 
these three be bracketed together, because however 
much we may take care of power plant that is now 
being put down, or will be put down in the future, to 
eliminate possible causes of disturbance, there is a 
considerable amount of plant in existence in the country 
to-day which is a potential source of trouble to the 
Post Office. The re-arrangement of power circuits or 
the laying of new Post Office lines may result in dis¬ 
turbances on communication circuits which may not 
be foreseen, and for the power engineer to provide 
remedies or modify existing plant might be exceedingly 
costly. It is very desirable, therefore, that curative 
methods as well as preventive methods should be 
devised. For this reason I suggest that these curative 
methods should be investigated, and a considerable 
amount of research work in this direction is essential. 
There would appear to be a wide field for the engineer 
who will specialise in this work and act as a liaison officer 
between the power engineer and the engineer who is 
responsible for the communication circuits. 

Mr. S, C* Bartholomew {in reply ): As was to be 
expected, some of the points mentioned in the dis¬ 
cussions in London and Liverpool have again been 
raised at Newcastle and Leeds in more or less the same 
form, and I trust my answers will be consistent, 

Mr. Dalton has kindly supplied fuller details of the 
manner in which certain rotary converters were 
improved at Newcastle. I have had a word with 
Mr. Aldridge on the explanation advanced by Mr. Dalton 
for the difference in the characteristics of the harmonics 
in the positive and negative leads to 1±ie rotary converter, 
referred to in the London discussion. Mr. Aldridge 
points out that it is hardly likely that the difference in 
the alternating current in the two leads could be caused 
by a difference in contact resistance, as in that case 
there would be the same difference in the direct current 
carried by them. If there is a big discrepancy in the 
loads carried by the two cables, is not one overheated ? 
Mr. Aldridge suggests on further consideration that the 
most likely cause for the difference in the ripple is as 
follows: Resonance conditions exist between the 
capacities of the generator, transformer and the positive 
lead and the inductance of the positive lead and part 
' of the transformer; similarly between the capacities 
of the generator, transformer and negative lead, and the 
inductance of the negative lead, and .botti are excited 
from in resonance with a ripple. As Idxe capacity 
•,of the positive lead wiU Jbe diff^ent from that of the- 


negative lead the resonant frequency will be different. 
The negative lead, having a direct earth at the busbar, 
together with the rail earth, will in any case tend to 
reduce the resistance of the negative lead circuit and 
cause a greater current at the point where the test coil 
was placed. 

I am sorry that I cannot predict that the future 
will see a telephone system designed with its lines and 
all parts of its equipment insulated from earth.'* In 
modem telephone systems the earth is used only for 
signalling purposes, but very great expense and com¬ 
plications would result if it were not so utilized. I agree 
that interference would be reduced if the telegraph and 
telephone services were worked without earth connec¬ 
tions, but there are limits beyond which the Adminis¬ 
tration cannot go. It must not be overlooked that but 
for power circuits there would be many parts of the 
country where single-wire telephone services would be 
practicable, and it can be claimed that the extra cost 
of the second wire has been borne by the Telephone 
Service without a murmur. 1 do not, of course, put 
forward the claim that single-wire telephone circuits 
would be satisfactory for general use in towns even if 
there were no power circuits, but undoubtedly the 
latter have absolutely prohibited their use in certain 
districts where single-wire working would have been 
possible. 

Mr. Dalton raises an interesting point in connection 
with the publication of information that rotaj^ con¬ 
verters were likely to cause interference, and suggests 
that earlier publication would have been a warning to 
purchasers and designers. When troxible was first 
experienced it was confined to machines made by one- 
company, and it would have been a very questionable 
proceeding indeed for a Gk)vemment department to have 
called public attention to. such a failing. As stated in 
the paper, later experience showed that other makes of 
machines were equally offensive in this respect. Some 
publicity was given to the matter, however, ie. a paper 
read before the Institution of Post Office Electrical 
Engineers and reproduced fairly fully in the technical 
Press in January 1916. It is agreed that a considerable 
period elapsed between the time the converters were 
brought into use at Newcastle and when attention was 
called to the interference. Many factors contributed 
to this. No notification is given when there is a change 
in the methods of generation or distribution of energy, 
and the local telephone staff would naturaUy not asso¬ 
ciate the disturbance with the tramway system which 
had been, in operation for so many years without, causing 
trouble. War conditions produced staff difficulties 
which had a great deal to do with the toleration of 
unsatisfactory services for a certain period before the 
origin of the trouble was traced. Mr. Dalton's remarks 
on electrol 3 rsis and the proper layout of tramway systems 
to avoid its effects are of great interest. This question 
is not a dead one in view of the great increase in the 
use of lead-covered cable. 

Mr. Baldwin calls attention to the certain great 
development of the telephone system and the power 
systems in this country, and as a consequence the 
growing importance of the matter under discussion. 
This is now reojgnized universally. Whilst I agree 
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that some of the functions exercised by the Co-ortoating 
Committees in the United States, such as the notification 
of prospective routes for new circuits, etc., are covered 
in this country by the statutory obligations of electricity 
n p<^p»rtaTfinga to notify parties concerned of the inst^a- 
tion of new power lines, there are other functions 
involving research work dealt with by the Committees 
which have, so far, only been lightly touched upon 
here. 

I have already dealt with the matter of inteiderence 
with broadcasting. Briefly there are three kinds of 
interference. The first and least troublesome is that 
caused to receiving sets in the neighbourhood of tram¬ 
ways and electric railways. So far as I can gather, 
these cases are not numerous. Secondly, interference 
with land lines used for connecting up the various 
transmitting and relay stations for simultaneous broad¬ 
casting. This type of disturbance may affect, in certain 
cases, practically the whole of the listeners in the 
United Kingdom. Lastly there is the interference 
which may affect the listeners over a wide area in ^e 
neighbourhood of works employing the Cottrell precipi¬ 
tators and ILempke rectifiers used for depositing blast¬ 
furnace gases. High-frequency radiation of oscillations 
of a broadcast wave-length may be set up and trouble 
has been caused here and in America on that account. 

A cure has been found by increasing the natural wave¬ 
length of the system by installing suiteble induct¬ 
ances in the line. The Inductive ^-ordination Com¬ 
mittee of the National Electric Light Association 
(America) has appointed a sub-committee to deal with 
interference of power circuits with radio or wireless 
reception. The purposes of the Con^ttee are (a) to I 
serve as a clearing house for information on the subject, 
(6) to conduct or supervise experimental work upon the 
location of sources of interference, and (c) to furnish 
the necessary information to the public. 

As Mr. Whillis points out, it is sqmetimes found 
nece.s8aiy where long routes are con^rned to supple¬ 
ment the twist system of transposition by crosses. 
Mr. Whillis inquires as to whether cases have occulted 
of dangerously high voltages being induced in neigh¬ 
bouring telephone circuits. Since the preparation of 
the paper I have obtained further information and 
experience on this question. At the recent International 
Conference on Long-Distance Telephone Lines held in 
Paris, when the subject of power circuit interference 
was under discussion, particulars were given of two 
cases where telephone linemen at work on open lines 
had been electrocuted by the inductive effects brought 
about by faults on neighbouring power lines. In one 
of the cases the telephone lineman was killed in Italy 
whilst the actual power circuit which was faulty and 
produced the inductive effects was situate in Swtzer- 
lanH the coimecting medium being a telephone nne 
passing through the two countries! The other caM 
occurred in France. There have been cases in this 
country where telephone operators have received electric 
shocks in a mild form. These happenings have an 
important bearing on the question of earthing the 
neutral point on three-phase systems, as it is the 
syrstem which is more likely to produce 
dangerous effects of this character. This is due to the 


fact that with the neutral point unearthed the occur¬ 
rence of a fault on one phase does not operate the. 
circuit breaker and in the event of one of the other 
making earth also at a distant point very severe 
disturbances are set up by the strong out-of-balance 
current passing between the two .faults. ^ . .... , 

Mr. Gregory calls attention to the advisability of 
looking to the future in view of the anticipated growth 
in extent and design of both power and telephone 
systems. The automatic telephone system when 
operating under speaking conditions does not differ from 
the modern manual system as both types use common 
battery working of a similar character. The eart is 
used in connection with dialling in some cases be^een 
exchanges but, as pointed out in my reply to 1^. Com- 
foot (see vol. 62, page 76) in the Liverpool discussion, 
from experiments made in London it is not antimpated 
that false signalling owing to leakage currents wiU be a 
serious matter. Unless these conditions tend to get 
worse, special precautions do not appear to be nec^sary. 

Mr Kitchen’s reference to the development of long¬ 
distance telephony in Europe is d propos. The subject 
of power circuit interference is one of the pnncipal 
matters being considered at the moment by the Inter¬ 
national Conference dealing with the question of loi^- 
Histjj nre telephony, and recommendations drawn up i^’’ 
a sub-committee recently sitting in P^is will be sii^ 
mitted to a full Conference to be held in the same aty 
in the early part of June next. It is possible that 
modifications will be made to the recommendations at 
the full Conference, and the moment is not opportune 
for going into the proposals in detail. It is mterestog 
to note that at some of the nieetings of the su^cotnmittee 
with this question of power circuit interfemnee, 
representatives were present from the Union Inter¬ 
nationale des Chemins de Fer, and from the Conference 
Internationale des Grands R6seaux Electriques a frte 
Haute Tension; these representatives of the eleeme 
railway and power interests were present on the 
tion of the International Telephone Conference and took 
part in'the discussion on the proposed recommendations 
governing the operations of the two parties. 
attempt has been made to lay down minimum condi¬ 
tions as regards Separating distance, design of plant, 
etc., which will ensure that there shall be no excessive 
interference with speech or danger to telephone plant 
or personnel in any of the countries concerned. 

I very much appreciate the contribution from Mr. 
French which gives detailed information on the develop¬ 
ment of harmonics in generating plant and supplements 
in a most valuable manner the paper and the references 
in the bibliography. 

The two cases of trouble instanced by Mr. Hammond 
are very illuminating, the case of interference a a 
joint pole where the angle of crossing was 60 bemg 
particularly so. It has been laid down that at this 
and similar tj^es of crossing, i.e, where both the power 
line and the telephones are overhead, the angle oi 
crossing should be 90”, and the need for this has fre¬ 
quently been chaUenged. Both on grounds of safely 
and interference, the right-angled crossing is to be 
preferred. The other case is a further example of 
interference ,being felt on circuits not directly con- 
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nected with the seat of the disturbance, the trouble 
being earned up by the secondary effects from inter¬ 
mediate circuits. To trace the origin of such trouble 
is very difficult, especially in cases where the disturbance 
is produced by one particular machine which may not 
be in use continuously. 

Mr. Skinner asks my opinion as to the use of drainage 
coils on telephone circuits for the purpose of cutting 
down to a reasonable value the potential to earth. 
Apart from experiments I have had no experience of 
such coils on public telephone circuits. These coils 
offer a low-impedance path for currents induced between 
the telephone wires and earth, and so tend to reduce 
the voltage. They are no doubt very necessary on 
telephone circuits used in connection with the operation 
of power systems where the wires are in fairly close 
proximity to the overhead high-pressure lines, but so 
far their use on public telephone lines has not been 
found to be necessary and it is to be hoped that the 
conditions will not arise that will require their use on 
such circuits. In America the coils are called " bleeding ** 
coils and I gather that in some cases they have been 
fitted on the public telephone circuits. The reduction 
of the voltage between the telephone wires and earth 
will in certain cases reduce the disturbing noise if the 


noise is due to this voltage acting upon a line balanced 
as regards insulation and capacity; on the other hand 
the coils will offer a low-impedance path for induced 
cuirents and if there are irregularities in the series 
resistance or impedance of the telephone wires the 
noise may be increased. Further, they must be very 
well balanced or they will be the cause of noise them¬ 
selves by introducing unbalance into the circuit, and 
in addition they result in speech transmission losses. 
I do not think that the transposition of power lines 
would add very greatly to the difficulties of operation. 

In reply to Mr. Mayman, I am of opinion that if the 
slot harmonic were removed or reduced the rising note 
from the motor on the car would also be reduced. I 
have not so far had experience of cases where it h a s been 
necessary to take special steps to reduce the latter. 

In view of the possibility that the extension of power 
plant may be a source of trouble in the future as con¬ 
ditions change, Mr. Townley lays stress on the need 
for developing curative as well as preventive measures. 
Any research work in this connection would be very 
helpful and Mr. Townley will, no doubt, be pleased to 
he^ that a committee of the British Electrical and 
^lied Industries Research Association is now looking 
into the whole subject. 
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Summary. (see Fig. 2) coupled magnetically to a resoimnt cffcmt 

The paper deals with a new method of high-freqn^cy of ii^^ance 
resistance measurement involving the application of a circle and V ^e alt^ating g PP coupling coi l, 

diagram to a resonance curve. Various methods of measure- of the first coil, which will be called the coupung 

ment are evolved and experimental results are given. The 
application to the accurate determination of wave-length 
is suggested. 
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1. Introduction. 



Then if and Ig are the currents in the first and second 
circuits respectively:— 


A method of high-frequency resistance measurement 
is developed in which the resistance of an oscillatory 
circuit is measured at resonance without any electrical 
connections being made to it. The circuit, the resistance 
of which is to be measured, is coupled magnetically with 
a coil, and the magnitude of the ratio of the effective 
impedanjj^e of the coil to that of the coil alone is measured 
at various points as resonance of the circuit is passed 
through by alteration of the frequency of the supply. 
A resonance curve of the impedance ratio is plotted 
against the supply frequency, and from this curve the 
high-frequency resistance of the circuit is determined 
by -the use of a graphical construction involving a circle 
diagram. The construction gives also the value of the 
resonant frequency of the circuit. 

Alternatively, if the tuning of the oscillatory circuit 
can be varied by means of a variable condenser, -^e 
impedance ratio curve can be obtained without variation 
of the supply frequency. 


7 = • 

0 = • 

From (2) we obtain:— 



Putting this value of in (1) we get:— 


The effective impedance Z is F/J^, and 



Taking the ratio ZIZ^^ we get:— , 
Z 1 

_ ^ 1 4 . tL- 

^ ^2 


. • ( 1 ) 

. . ( 2 ) 


. . (3) 


2. Theory, Shape of Curve, and Construction. 

In a previous paper* a method was described of 
using a resonance curve of the t 3 q)e shown in Fig. 1 
to obtain the natural frequency and the decay factor 
of a telephone diaphragm. To effect this a geometrical 
construction was evolved and the same construction 
and method were shown to be applicable to coupled 
circuits. 

For the sake of completeness the theory may be 
briefly restated. Consider a coil of impedance Z^ 
• E. Malx^tt : Journal /.E.E., 1024, voL 62, p. 617. • 


IJl. 


M ^ ' 


Fig. 2. 


No account has been tahen of the self-capacity of 
the coupling coil, and therefore to make the theory applic¬ 
able it is essential that the coupling coil shoyld have 
a natural frequency weU above the natural frequency 
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of the circuit to be tested, i.e. well above the frequencies * 
used in the tests. 

In Fig. 3 is given the vector interpretation of Equa¬ 
tion (3). If in the arrangement of Fig. 2 the supply 
frequency were increased from below to above the 
resonant frequency of the second circuit, the locus of 
the end of the vector OP representing wopld move 
upwards along a straight line PQ. The end of the 
vector OP' representing l/Zg would then move round 
the circle OP'Q' in a clockwise direction, starting from 
the origin. The diameter OR of the circle is l/Rg. This 
circle is the inverse of the previous Straight line, and 
the line OP' corresponds to the line OP where ^ P'OX 
= Z. POX. 

For small changes of frequency, if is far removed 
from resonance will be proportional to cu and 

will not alter appreciably in magnitude or phase angle, 
and the locus of the vector will be 

obtained by turning the circle through the angle of 
1/Zj^ and multiplying its diameter by \o}^M^IZ^\, This 
operation gives the circle OP^Q^ with a diameter 
OB at an angle XOD = the angle of Z^. Marldng 



off 00 honzontally equal to unity, any vector O^P 
equal' to the vector sum of 1 an< 
{<ifiM^lZ^(llZ^ and so is equal to ZjZ^, 

minimum values of Z/Z. can b( 
fou^ by Rawing a line from O" passing through th( 

toe cuts the OTcle then give the maximum and mmimun 

of z/z^ Conversely, knowing the maxtoun 

Se ^ 

Coi^d^ a c^e of Z/Z^ plotted against/ as in Fig. 4 
curve parallel to the / axis touching th« 

distances *“hiimum points, two vertica: 

marked off equal to the maxi- 
mum and uiin’jTniTm values of 'xi. 

cirde OM and ON arcs are drawn, and finaUy a 
Sah and to pL 

Lits ZIZ Then OP repre- 

AS the frequency mcreases from a low to a high value 

- * S«e Appendix S. 


the end of the vector OP moves round the circle in a 
clockwise direction from A back to A. This is not 
strictly true as the value of varies, but for 

small changes of frequency close to resonance this is 
applicable, and with the circuits commonly used in 
wireless most of the circle is described with a very small 
frequency-change. 

To find the frequency corresponding to any point 
P, on the locus circle, an arc is drawn with centre O 
through P to meet the ZjZ^ axis in L, and then a line 
drawn through L parallel to the / axis to meet the curve 
in P', the point on the resonance curve corresponding 
to the point P on the circle. 

There is an ambiguity in finding P', as according to 
the construction the horizontal line cuts the curve in 
two points; but this ambiguity is removed when it is 
remembered that, as the circle is described clockwise 



The vector AP represents in magnitude and phase 
{^^M^IZ^iXfZ^. At resonance IJZ^ = l/R^ and AP 
lies on the circle diameter AD, the angle of which is 
the angle of co^M^IZ^. If therefore A is considered 
as the origin and the diameter AD as the line of refer¬ 



ence, AP then represents the vector \afiM^IZMl/Z^); 
and since ofiM^fZ^ is now a magnitude, AP represents 
to some other scale the vector IfZ^. The angle PAD is 
then the phase angle of IjZ^. 

Call this angle PAD a, the phase angle of or 
— (the phase angle of IIZ^. 

Then 

tau a == - l/(ft>C'g) 

■^2 

where Z-,, O, and are respectively the inductance, 
capacity and resistance of which Z^ is composed. 


Let 
Then ’ 


_ 1 


tan a = ~ 
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Difiereatiatiiig with respect to w, we obtain:— 

o 

d tan g __ a)o\ 

do} cdV 

For values of co close to resonance we have coq = co 
2 

so that —« ^ 1 

d tan a _ 2 I >2 
dct) i^2 

and ■ 5*^. = — = A, the decay factor. 

a tan a 

Now for any point P on the resonance curve (see 
Fig. 4) the corresponding point on the circle can be 
found, and hence tan a which equals tan PAD. By 
repeating this process for other points on the curve, 
the values of tan a corresponding to various values 
of o) are obtained, and a curve of tan a against a) can 
be drawn. For small changes of co this curve will be 
a straight line. The value of co at which tan a = 0 
gives the resonant frequency, and the slope dcol(d tan a) 



of the straight-line portion of the curve — A, the decay 
factor of the circuit. 

This gives BJ(2L^, and, if we know the value of 
we can find the resistance required. 

Instead of measuring oft the angles a and finding their 
tangents from tables, the co — tan a curve may be 
obtained graphically. A line STU (see Fig. 6) is drawn 
at right angles to the diameter AD of the circle at a 
distance AT equal to unity to some suitable scale. 
Then the tangent^ of the angle a of any vector AP is 
obviously given to the same scale by the length Tt 
and is negative above T and positive below T. This 
.length is then marked off from a suitable base line 
drawn for convenience below the original resonance 
curve so that the same frequency scale is used for the 
new CO •— tan a curve. 

Approximate construction .—A simplified construction 
can be employed when the variation of ZIZ^ is small 
compared with unity. 

In Fig. 6 is shown a typical Z\Z^ curve. As before, 
lines are drawn parallel to the co axis through the maxi- 
mum and minimum points to N and M. As the varia¬ 


tion of ZIZ^ is small the origin will be a long way away, 
and so arcs drawn with O as centre through N and M 
will, for a short length, be practically parallel to the 
CO axis. 

The circle can therefore be drawn between the parallels 
M and N. Any point P' will have its corresponding 
point on the circle found by drawing PP' parallel to 
the CO axis to meet the circle in P. 

As before, tan a is plotted against co and the slope 
of the line gives A. 

This construction can only be used when the varia¬ 
tion of ZfZ^ is small. By a method of trial and eiror 
it has been found that the approximate construction 
can be applied to curves with a variation of less than 
0 • 2. For example, if a curve has maximum and mini¬ 
mum values of ZIZ^==^ 1-07 and 0-92 the variation 
of ZjZ-^ is 0-16 and the approximate construction may 
be used. 

Method employing constant frequency and variable 
tuning of the circuit under test .—^For circuits that are 
tuned hy a variable condenser a modification is applic¬ 
able, in which co is kept constant and coq is varied by 
varying the capacity in the circuit under test. oy^M^jZ^ 
will then be constant and, as before. 



ZjZ^ is plotted against coo instead of co and the con¬ 
struction is the same as before. 

The essential points therefore based on these con¬ 
siderations are briefly as follows :— 

The determination of high-frequency resistance ,— 
{a) Measurements of the magnitude of the apparent 
impedance of the coupling coil are taken for various 
values of co, 

(i) With circuit to be tested magnetically coupled 

to the coupling coil (this gives IS) ; and 

(ii) Without the circuit to be tested (thfe gives Z-f). \ 

(6) A curve of ZjZ^ is plotted against co. 

(c) The locus circle, as determined from the maximum 
and minimum values of ZfZ-^, is drawn, 

(d) A curve of tan a against co is plotted and a straight 
line drawn Ihrough the points obtained, 

(<?) The slope. dco/(d tan a) of this line, is measured 
and is equal to Ai the decay factor of .the circuit to 
be tested ; hence the desired resistance is determined. ., 

(/) The value of co when .tan a = 0 is the r^pnance 
value. 
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3. Various Methods of Measurement. 

It is evident from the above that the determination 
of the decay factor depends upon the accurate measure¬ 
ment of (i) frequency-changes and (ii) impedance 
ratios. 

A circuit diagram of the whole of the apparatus 
finally used in the Voltmeter method is given in 
Fig. 7, but the oscillator and amplifier arrangement to the 
right of the diagram was used finally in each method. This 
consists, it will be seen, of a small oscillating valve sup¬ 
plying an E.M.F. to an amplifying valve, from which the 
necessary current for the impedance measurement was 
obtained. In this way, by using a negative grid on 
the amplifymg valve no external load is placed on the 

Table 1. 


^50-turn Igranic coil (9 000 w). 


Condenser 

reading 

z 


Z 

SSi 

d 





10 

130 

54 

13*0 

66 

21*32 

0*966 

15 

13-0 

53 

— 

— 

21*49 

0*949 

20 

13-0 

61 

— 

— 

21*66 

0*911 

25 

13*0 

60 

13*0 

65 

21*81 

0*898 

30 

13*0 

49 

— 

— 

21-98 

0*883 

35 

12*9 

48 

— 

— 

22*14 

0-863 

40 

12*8 

46 

13*0 

64 

22*30 

0*85 

45 

12*7 

46 

— 

— 

22-46 

0-847 

50 

12*3 

48 

—1 

— 

22*63 

0*873 

55 

11*8 

66 

13*0 

67 

22-79 

0*966 

60 

11*3 

74 

— 

— 

22*96 

1*115 

65 

11*6 

96 

— 

— 

23*11 

1*248 

70 

12*0 

103 

13*1 

71 

23*28 

1*267 

76 

12*7 

101*6 

— 

— 

23*44 

1*208 

80 

12*9 

97 

— 

— 

23*60 

1*166 

85 

13*1 

94 

13*3 

76 

23*76 

1*127 

90 

13*2 

92 

— 

— 

23*92 

1*102 

95 

13*1 

91 

— 

— 

24*09 

1*092 

100 

13*1 

90 

13*3 

79 

1 24*26 

1*079 

105 

13*2 

89 

, — 

— 

24*42 

1*062 

115 

13*3 

89 

13*3 

81 

24-74 

1*046 

125 

13*3 

89 

13*3 

81 

26*06 

1*031 


osc i llating valve, so that circuit changes taking place 
beyond the amplifying valve do not have any effect 
on the frequency of the oscillating valve. The usual 
precautions were taken to obtain as pure a wave-form 
as possible. The oscillating valve was only just main¬ 
tained, and it was worked with sufaciently high anode 
potential and negative grid bias to prevent grid current 
flowing. Careful adjustments were made so , that the 
anode current as measured on a d.c. instrument was 
the same when oscillating as when not oscillating. The 
same adjustment was made on the amplifying valve, 
and care was taken that the a.c. grid potential supplied 
from the oscillator was never sufadent to cause the 
^pl^ng valve to work on the curved portions of its 
characteristic. 

In order to make the-frequency-changes as easily* 


determined as possible, the oscillatory circuit of the 
oscillator valve was made up for a given frequency with 
as large a capacity and as small an inductance as pos¬ 
sible, and the very small frequency-changes required 
were effected by means of vernier condensers, and were 
in most cases very nearly simply proportional to the 
alteration of the vernier capacity, as is shown in Section 5. 

(a) Volimeter'-ammeter method. —^The obvious way of 
measuring the magnitude of the impedance of a network 
at any frequency is to pass a current of that frequency 
through the network and to measure both the current 
and the voltage across the network, and this was the 
first way in which results were obtained. The current 
was obtained from the amplifier valve through a trans¬ 
former or large condenser across an anode resistance so 
as to separate out the d.c. anode current. The current 
was measured by a Duddell thermo-milliammeter, and 
the voltage by one of Prof. Mather’s sensitive electro¬ 
static instruments. Since the voltage was measured 
over both the coupling coil and the milliammeter, 
of the formula included the resistance of the latter. 

The first series of measurements was made on a 
760-turn ** duolaterar* coil, tuned with a variable 
air-condenser, at a frequency corresponding to about 
9 000 m. The coil had an inductance of 31 OOOjitH 
and a self-capacity at this wave-length of about 22 
The resistance of the coil and condenser was found to 
be of the order of 100 ohms at this frequency. 

One series of readings is given in Table 1.** Both 
the milliammeter and the voltmeter were square-law 
instruments and the impedance was calculated as 
V{^vl^a)> where and were the ammeter and 
voltmeter readings respectively. Only a few readings 
were taken for and the rest were interpolated. 
The frequency was varied by varying a small condenser 
in the oscillator anode circuit. As the capacity in the 
oscillator anode circuit was large, over a small range 
a)cc{k — G^), where is the capacity of the small variable 
condenser. Between 10® and 170® the small condenser 
had a straight-line law, and so was plotted against 
the reading of the small condenser and the change of 
CO per scale division calculated. The same method has 
been applied in other cases where the variation of co 
was small. 

From the curve, A == 1 848 ; B =» 118 ohms. 

The curve obtained and the construction to find A 
are given in Fig. 8. 

The slope of the co — tan a curve is 12*2 condenser 
divisions per unit change of tan a. The change of co 
per scale division of the condenser is 161 *6.* 

Then 

A = d<o/{d tan a) = 12-2 x 161-5 = 1 848 

Assuming that the high-frequency inductance is tlie 
same as its low-frequency value we have 

JS = A X 2X = 1 848 X 2 X 31 900 X 10“® 

= 118 ohms. 

This result is not v^y reliable as the method did not 
prove at once satisfactory; and it was not developed 
in view of the simpler methods now to be described. 

. ♦ See Section 5 
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Slope=12-^ 

C3iaii^ of w per scale 
dMsion of variaile 
coMfiiiser=i5i-5 

A-12.2x151-5-1846 
jf - A X 2Z 
= 1848 x2 X 31900x10'® 
= 118 olmS 
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(b) Voltmeter method.—Shux only the ratio of the 
impedances is required, as lone; as the current through 
the coupling coil remains constant whether the resonant 
orciiit is coupled wth it or not, the required impedance 
ratio wiU be obtained as the ratio of the voltages across 
the coil in the two cases. It does not matter if different 
currents are used at different frequencies. At first 
an attempt was made to keep the current constant (as 
indicated by a crystal and galvanometer acrass a series 
resistance) by altering the couphng between the ampli- 
fler and oscillator, but it was soon found tliat the osciUator 
was better left alone and in any case the adjustment 
was laborious. Then it appeared that if the whole 


where is the internal resistance and a the amplifica- 
tion factor of the amplifier valve, and, as before, Z 
is the effective impedance of the coupling coil. 

Provided tlierefore that the alterations of Z are 
small compared with the value of (R^ + Z), the current 
through the coil wiU not vary appreciably and we can 
measure Z by measuring the potential across the coupling 
coil • this measurement can be made by means of a 
calibrated rectifjdng valve. The small alterations of 
current that do take place do not affect the resistance 
determinations.* 

Table 2. 



impedance of the circuit containing the coupling coil 
was Imge compared ivith that of the coupling coil 
Itself the current would remain sensibly constant with 
consent E.M.F., and that in order to obtain a sm£ 
ciently large impedance the internal resistance of the 
amphfying valve could be used by placing the couphng 
coil direct m the anode circuit. ^ ® 

Since the grid of the amplifier valve was very negative 
and no grid current flowed, the a.c. voltage E. passed 
n to the gnd of the amplifying valve from the oscil- 
iatOT was constant for any one frequency. The a.c 
portion of the anode current of the ampUfier valve is 


■®o "f 


4 040/tHco*7 at 3 800 m. No added fesisiance. 


Condenser 

reading 

V 

Vx 


30 

volts 

1-28 

volts 

1-496 

0-856 

40 

1-27 

1-49 

0-862 

50 

1-31 

1-49 

0-879 

55 

1-36 

1-49 

0-906 

60 

1-405 

1-486 

0-946 

65 

. 1-475 

1-476 

1-000 

70 

1-56 

1-480 

1-046 

75 

1-60 

1-476 

1-085 

80 

1*62 

1-476 

1-098 

85 

1-64 

1-476 

1-1J2 

90 

1-645 

1-476 

1-114 

95-5 

1-642 

1-475 

1-116 

100 

1-64 

1-47 

1-116 

110 

1-62 

1-47 

1-102 


Change of ot per scale division of condenser = 42-0 
From the ciir^'e A = 1 118; ie 9-02 


Ihe general arrangement is shown in Fig. 7. The 
pd voltage of the rectifyuig valve could be adju-stwl 
by means of a potentiometer to allow for fhe dc 
voltage across the coupling coil due to the steady plate 



current of the amplifying valve. The rectifying valve 
consisted of a D.E.K. type valve working with an anode 
voltage of about 35 and a negative grid bias of about 
4-5 volts. 

The procedure was as follows:— 

The potentiometer was adjusted to make the giid 
of the rectifying valve fuU negative. Then, with tlie 
amphfj'ing valve turned off, the filament current of 
the rectifying valve was adjusted to give a definite 
pr^etennined anode current representing zero a.o. 
volts on the calibration .curve. This adjustment was 
' ' t See Appendix 1. ; 
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repeated several times during a quarter of an hour to 
allow the rectifying valve to settle down. The amplify¬ 
ing valve was then turned on, and its filament voltage 
adjusted to the right value. This caused the anode 


dance of the coil B and of the milliamineter are included 
in Zi, and the effective impedance is inversely propor¬ 
tional to the milliammeter reading. Three readings 
are taken at each frequenc37^; two with the switch 



Via, 11. 


current of the rectifying valve to decrease due to the 
potential of its grid being reduced by the P.D. across 
the coupling coil. This was allowed for by adjusting 
the potentiometer until the anode current of the rectify¬ 
ing valve was again at its previous value. The oscillating 
valve was then turned on and readings were taken. 

In the actual arrangement shown there was a very 
convenient method for determining Z-^, It was found 
that if the switch S in the circuit to be tested (see 
Fig. 7) is opened, the effect is the same as actually 
removing the resonant circuit. Therefore the order of 
measurements was arranged as follows:— 

(i) Switch opened and measured. 

(ii) Switch closed and V measured. 

(iii) Switch opened and the previous value of 

checked. 

Then 


Z V 



.on the assumption that the current has not changed 
during the operations. 

On repeating a previous read.ing, V and were 
sometimes found to have changed a little, but the ratio 
Z/Z^ remained the same. 

Table 2 and Fig. 9 give details of a measurement made 
in this way. These results are referred to again in 
Section 4. 

(c) Ammeter method, —Another method has been 
evolved similar to the last in which a current measure¬ 
ment only is made, The arrangement is shown in 
Fig. 10. The amplifier and oscillator are arranged 
as b^ore (see Fig; 7). As before, the a.c. anode current 
of the amplifier valve is constant for any one frequency; 
this gives a constant E,M.F.. in the coil B. The impe- 


open gave and one with the switch closed gave Z. 
The required impedance ratio Z/Z^ is given by 
Table 3 and Fig. 11 give results of a measurement made, 
in this way. 

Table 3. 


4 04:0 fiU coil at 3 800 m. No added resistance. 


Condenser 

reading 

JTi 

I 

Ratio . 

10 

niA 

6*82 

mA 

7-31 

0-796 

,20 

5-836 

7-53 

0-7746 

30 

5-86 

7-80 

0-761 

40 

6-886 

8-00 

0-7306 

60 

5-906 

8-34 

0-706 

55 

5-886 

8-44 

0-698 

60 

5-895 

8-66 

0-689 

62 

5-88 

8-56 

0-6876 

65 

6-89 

8-66 

0-6886 

70 

5-81 

8-38 

. 0*6935 

. 75 ! 

5-875 

8-19 

0-7175 

80 

6-875 

7-68 

0-7646 

90 

6-895 

6-47 

0-911 

100 

5-885 

4-93 

1-195, 

110 

6-86 

4*01 

1-462 

120 

5-84 

3-79 

1-641 

130 

5-83 

3.-79 

1-639 

125 

5-83 

3-76 

1-651 . 

140 

6-83 

3-95 

1-476 

160 

6-815 

4-30 

1-352 

170 

. 6-82 

4*43 

1-314 


Change of ci> per scale division of condens^ == 42* 6. 
From the curve, A — 1120; E — 9-05 ohms. 
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Of tlie three methods the first is the most complicated 
and least satisfactory for general engineering work. 
The ammeter method rec^uires the simplest assemblage 
of apparatus but necessitates a closer coupling to the 
resonant circuit. Probably the voltmeter method will 
be the most generally useful and accurate. 

4. Experimental Results. 

Altering coupling and adding resistance ,—The coil, 
the resistance of which was found by the voltmeter and 
by the ammeter method (Tables 2 and 3 and Figs. 9 
and 11) consisted of 189 turns of No. 22 S.W.G. d.c.c. 
wire wound on a former 7 inches in diameter and 
7^ in. long. To reduce the dielectric losses the coil 
had been thoroughly “ baked with both direct and 
high-frequency alternating current. The inductance 


good results. Further measurements at different 
couplings by the voltmeter method confirmed that the 
coupling was without appreciable effect, although the 
agreement was not quite so strildng. Leaving out 
one determination at 8*70 ohms which was rejected 
as the points obtained did not lie well enough on a 
straight line, the difference between the greatest and 
least figure obtained at different times and different 
couplings was just over 1 per cent. 

As a check measurement a fine eureka wire resistance 
was added to the oscillatory circuit with the coupling 
coil in the same position as that used in Fig. 9, with 
the results given in Fig. 12. The high-frequency resis¬ 
tance of the circuit was now measured as 17*30 ohms, 
a difference of 8*28 ohms from the determination of 
9*02 ohms without the added resistance. The actual 



Fig. 12. 


of the coil was 4 040 /tH, its d.c. resistance 4*6 ohms 
and its self-capacity about 7/A/iF. It was tuned by 
means of a variable air-condenser. The coupling coil 
was wound of finer wire on a former of smaller diameter, 
and had an inductance of 700 fjM and a self-capacity 
of 10 fifzT. The two coils were mounted so that their 
axes were in line and their distance apart could be 
readily altered. 

As vdn be seen from Figs. 9 and 11, the resistance 
obtained at a frequency value corresponding to 3 800 m 
by the voltmeter .method was 9*02 ohms and by the 
ammeter method 9-05 ohms. The mutual inductance 
between the two coils was very much greater in the 
second case, and the remarkably close agreement of 
the two determinations indicates that the. degree of 
coupling is as it should be by the simple theory, i.e. 
without eSect, Md that each method can give eqiially 


value of tile added resistance was 8*38 ohms, so that 
the actually measured resistance of the wire* at high 
frequency was only about Ij per cent in eiror. It 
must be added here that some other determinations in 
the same way did not check up nearly so well, although 
the points obtained for the A — tan a curves lay on 
straight lines. The difficulties in adding resistance to 
the circuit seem to be similar to those encountered 
in the substitution or added-resistance method of 
high-frequency resistance measurement. It would 
appear to be quite possible that the high-frequency 
resistance measurements here described axe more 
accurate than their check by adding resistance. 

Measurements have been made over a considerable 
frequency range and with coils of very different resis¬ 
tances. Some of the results are given below, 

^ 50 ohms at 600 fHetres .—^A series of measurements. 
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was made on a small reaction coupling coil from 
a broadcast, receiving set, and consisting of two coils 
wound on an ebonite bobbin, with the ends brought 
out to four pins arranged to fit a valve socket. 

The resistance of the larger of the two coils was 
measured at 500 m. This coil had an inductance of 
284*7 fjiK and its resistance was found to be about 
50 ohms. Measurements were taken by varying both 
o) and n>o. The results of the latter measurement are 
given in Fig. 13 as an example of the results obtained 
in this way. 

In these cases the variations of co were too large 
for it to be permissible to plot the ratio against 
the reading of the vernier condenser in the oscillator 


experienced due to ** feed back ” through the inter-, 
electrode capacity of the amplifier valve. This was 
avoided by making the amplifier coupling coil {coupled 
to the oscillator) an effective capacity, i.e. using a coil 
working well above its natural frequency.* This 
prevents any regenerative feed-back taking place. 

The results were :— 

Varying o} : resistance = 46 • 3 ohms. 

Varying (Oq : resistance = 44* 6 ohms. 

The difference is 3*8 per cent. The results axe 
sufficiently close to show that the two methods agree; 
the first measurement was not particularly good as 
judged by the straight line. 



anode circuit. From the known wave-length and 
inductance of the oscillator anode coil, the effective 
capacity in parallel with it could be calculated. This 
was expressed in scale divisions of the vernier con¬ 
denser. We then get:— 

'' 1_I__ 7 ^ _ ^ 

^ ^ ^/{LO) ^ divisions)] ^(divisions) 

where total capacity O = Jk (scale divisions of vernier 
condenser). 

. ZIZ^ is therefore plotted against l/'\/(divisions) and 
the value of K calculated. This saves considerable 
time in calculating the results. The same method 
has been applied when plotting against cuq. 

While taking .these measurements, trouble was 


80 and 8 ohms at 300 metres ,—^Two more measurements 
were made on ihe same reaction coupling coil **; 
the resistance of both coils was found at 300 m. The 
results obtained with the small coil are given in Fig. 14^ 
as they bring out an interesting point (see Appendix 2). 

The figures are :— 

Large coil. 

Inductance = 284 • 7 /xH. 

Resistance = 78*7 ohms. 

Small coil. 

Inductance = 23 /xH. 

Resistance = 7*75 ohms. 

Taking into consideration the high frequency used, 
♦ See A. S. Blattermak : Radio Review, 1920, vol. 1, p, 033. 
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these results axe not altogether unsatisfactory. No 
special precautions were taken to avoid stray resonances 
or capacities, and the oscillator and amplifier shared 
common and not too large filament batteries. (The 
measurements were made before the apparatus of 
Fig. 7 was assembled.) The large coil gave better 
results and the points lie on quite a good straight line. 
Though the curve is not good for the small coil, the 
points define the straight line within 2 or 3 per cent. 

It is interesting to notice that the ratio of the resis¬ 
tances of the large coil at 300 and 500 m is 78-7/46-6 
1*73, and the ratio of the frequencies is 1-67. 

5 ohms at 600 metres .—^The resistance of a toroidal 
coil of inductance 158 /xH and resistance about 6 ohms 
was measured at 600 m. Mutual coupling was obtained 


axis, and a determination of resonant frequency made 
in this way is capable of considerable accuracy. 

A very close approximation with the circuits in 
general use in wireless work is obtained by talcing the 
resonant frequency as being that at which the impe¬ 
dance of the coupling coil with the oscillatory circuit 
open is the same as that with the oscillatory circuit 
closed, with the additional condition, of course, that 
the observation is made at the central portion of the 
curve where the impedance is changing rapidly with 
frequency. This fact was used to check the assumption 
made throughout that the change of frequency was 
determined by the change of the vernier condenser 
of the oscillator, and to find the Sco — 8C calibration 
of the oscillator. 



I'lG. 14. 


by linking two turns of wire through the toroid and 
supporting them from an insulator. These two turns 
put in series with a small coil so as to bring the 
Coipbiried inductance up to such a value that a P.D. to 
be measured of about 1 • 3 volts was obtainable, as the 
voltmeter in. use was most sensitive for voltages round 
about 1*3; then consisted of the two coupling turns 
and the small coil in series with them. 

The variation of ZjZ^ = 1*117 — 0*912 == 0*205 ; 
this is just above the limit below which it is permissible 
to use the approximate construction. Both the rigid 
and the approximate constructions have been drawn 
and give practically identical figures of 4*68 ohms. 

5. Frequency Determinations. 

The 3?5sonant. frequency of the oscillatory circuit 
is found from the cu/tan a line where it cuts the tan a 


With the apparatus set up as in Fig. 7 and the oscilla¬ 
tor condensers adjusted for resonance of the oscillatory 
circuit as determined by the open-circuit voltmeter 
reading being the same as the closed-circuit reading, the 
smaller of the two oscillator vernier condensers was 
removed and the remaining one adjusted to restore 
the oscillator to its original frequency, this being done 
by bringing the voltmeter reading back to its original 
value (on the central part of the curve). This smaller* 
condenser was tlien put in parallel with the oscillatory 
circuit condenser C (see Fig. 15) and the latter reduced 
until the reading of the voltmeter was again the same.; 
The value of the remaining oscillator vernier was 
, now altered a little, and 0^ adjusted until the closed- 
circuit voltmeter reading was the same as the open- 
circuit reading, that is until the oscillatory circuit was 
again very nearly tuned to the oscillator.' The corre- 
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Spending readings of the condensers are given in Table 4 
and plotted in Fig. 16. 

The fact that these points lie on a straight line justifies 
the assumption made. 


OscUlatoT 


Ct 


JUT 


Switcli 
C Ci 


Fig. 15, 



Calibration of the verniers gave for the straight-line 
part of the calibration curve;— 

(7i 8^1=: 6-67 Se^iJLfJiF 

Og .. 802 = 0-638 8^2/^^1^ 

where 02 readings in degrees. 

Table 4. 


h 

h 

160 

143 

140 

116 

130 

89 

120 

61 

110 

33 


The slope of the line of Fig. 16 is 

so that a change of reading of Og. corresponds to 2'79 
timw the change of C^. Sen therefore, calculated from 
the oscillator, is given by 

8tt) = 167-1 X 2-79 8^1 
== 438 8^1 

and when the vernier O 2 is replaced in its position in 
parallel with on the oscillator side, the changes of 
o) will be given by 

8 <e = 438 X ^1^802 = *2-6 8^2 

The success of these measurements suggests a possible 
frequency standard. If the natural frequency of the 
oscillatory circuit were known, it would be easy to 
find the setting of the oscillator which gives that fre¬ 
quency*', and hence to calibrate it. If the oscillator is 
that of a wave-meter and a number of standards are 
available, the calibration of the wave-meter would be a 
far simpler matter than it is at present. The method 
of the harmonics could be used conveniently to fill in 
the gaps between the standards. 





; 1 



' i 

<=> 

!C 

i I 

1 

J 



With Og at 20^ the capacity of G and together 
measured 998 /a/aF ; the inductance of the coil was 
4 040 fiH. and its self-capacity 7 /x/aF. Its is accord¬ 
ingly 

1 _ 10» 

, l/{Ld) ““ V(4 040 X 1 006) 

= 0-496 X 10« 


corresponding to a -wave-length of 3 810 m. 
checked by a heterodyne wave-meter. 

1 _ 1 ^, 

Since a» = /rr/^ , a;?n = ~ Jc) 


This was 


VLHO 4- 80)] 


- 


0-496 X 10« 


2x1 006 

as determined from the oscillatory circuit. 


X 0-638 802== 167-1802 


.screen 
.Pig. 17. 

The standards could be made up and completely 
screened and sealed and would consist of a highly 
cfiicienf oscillatory circuit with a coupling coil, only 
the terminals of the latter being brought outside the 
box (Fig. 17). If some device is included for operating 
a contact in the oscillatory circuit, the*%vhole construc¬ 
tion for determining the frequency by drawing tlie 
8ci)/tan a curve could be gone through and the frequency 
obtained very accurately. 

But for most purposes a sufficient approximation 
would be to take the resonant frequency as being that 
at which the voltmeter reading is midway between the 
maximum and minimum readings, thus avoiding the 
necessity for any switch at all. Jf this is done on 
Fig. 9 (voltmeter reading) the resonant frequency- 
is obtained at a condenser setting of 63-6, instead of 
63-2 from the exact determination. The difference 
is thus extremely small in this case. In the ammeter, 
method it wifi be seen from Fig. 11 that tlie two readings 
are 106 and 97, a difference of 9, corresponding to a 
percentage difference in the frequency of 

^ ^ X 10^ = 0-078 per cent. 

0-496 X 10® 

If, therefore, the firequeiicy of the .screened and sealed 
circuit is detOTnined in the first instance, by taking 
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it as that which gives a. reading midway between the 
maximum and minimum, an accuracy sufficient for all 
practical purposes should be possible. 

Such a standard should be of value to a transmitting 
station in keeping its wave-length close to that assigned 
to it. The standard for the station could be made 
up and sealed by some central authority. At the station 
it would be connected up in either the voltmeter or 
ammeter scheme, and a glance at the instrument reading 
would show any departures. If desired a recording 
instrument could be fixed so as to have a continuous 
record of the wave-length transmitted, and incidentally 
of the times of transmission. Further, the possibility 
might be considered of maldng the alterations of current 
work a relay instead of an indicating instrument, and 
through the relay controlling in some way the station 
oscillator so as to keep the transmitted wrave-length 
constant automatically. 

Probably the simplest possible arrangement for 
direct readings of the wave-length would be the ammeter 


From Fig. 11 we have :— 

=: 700 jjiH, 
O) = 0*495 X 
= 17*23 
D = 0*141 


10« 


and 


/r700 X 10-« X 17*23 X 0*1411 ... 

VL-o: «5 X 10. ---J - 


The values given agree very closely, as indeed llicy 
should, since the positions of the coils were the same in 
these two experiments. The measurement of inductance 
in this way may be useful. 

The expression for M can be put into a somewliat 
different form, viz.:— 




V(W 



Ml‘\/(L-^L^ is the coupling coefficient t between the two 
coils, so that Avithout any knowledge whatever of the 
circuit constants the measurements described of Ihe 


AB 


K 

-winnnR^ 




c 


Fig. 19. 


one, in which case a thermo-junction could probably 
be used as indicated in Fig. 18. The only precaution 
to be taken would be to be sure that the natural frequency 
of the coupling-coil circuit is far above the frequency 
in use. 


6. Mutual Inductance. 


The diagrams obtained make it possible to calculate 
the mutual inductance between the two coils when their 
inductances are known. It is clear from the exjnression 
= 1 + {a)^M^IZ^(llZ^ and from what has gone 
before that at resonance, when the second 

term gives the diameter of the circle as drawn from 
the maximum and minimum values of ZjZ^, and that 
tWs is (oy^M^lZ{^(\IR^. Neglecting in comparison 
with and calling the diameter of the circle D, we 
have:— 

JD == J;_ 1 

and j 

Applying this expression to the results of Figs 9' 
and 11, we have from Fig. 9 :_ ° 


and 


^1 = 700 p,H 
<o = 0-496 X 10® 
•Sj = 9-02 ohms 
D = 0-27 


j|f = Jr700 X 9-02'x 0-27 X 10-® 


VL 


0-496 X 10® 


] = 


58*6/aH 


decay factor and circle diameter, together with the 
resonant frequency, give r. 

In the above case (Fig. 9) 

T - / r2 X 0*27 X 1 1 18"] 

^ VL 0*495 X 10<^ J 

= 0*036 

0 

The agreement obtained suggests that if the coupling 
remains the same in any series of measurements, and 
the resistance is measured by drawing out the circle 
and straight line in one, the resistances in the remaining 
cases can be determined from a knowledge of the circle 
diameter only, that is by a measurement of the maximum 
and minimum values of the ratio ZjZ^. This leads to a 
scheme in which only part of the oscillatory circuit B is 
coupled with the coupling coil A (see Fig, 19). The coils 
A and B are set up permanently and the resistance/fre¬ 
quency curve of the coil B obtained. The coil ^ whose 
resistance is to be measured is then inserted and the 
circuit is tuned by the condenser O. The knowledge 
of the mutual inductance between A and B and the 
resistance of B found from the initial calibration would 
enable Ihe resistance of X to be obtained from maximum 
and m in imum readings. Some preliminary experi¬ 
ments have been made in this direction, but witliout 
very good results. The scheme is perhaps too simihix* 
to the substitution method. 

7. Conclusions, 

The method of resistance measurement described 
depends on the Ipiowledge of two quantities only, the 
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frequency and the value of The instruments 

used to measure ZfZ-^ need not have absolute calibra¬ 
tions as long as they give an accurate measure of the 
quantity involved. 

The essential requirement for accurate measurement 
is constancy of valve co.nditions; and, as it is impossible 
to prevent these changing a little, quick working becomes 
a necessity. Much time was saved by fitting a critically 
damped galvanometer in the rectifying-valve voltmeter 
circuit; tliis enabled much better results to be obtained. 
The advantages of the method axe briefly 

(а) The circuit to be tested has no electrical con¬ 
nections made to it and its tuning need not be ^tered, 
thus maldng the method suitable for measuring the 
resistance of coils at their natural frequency, and in 
other circumstances where change of tuning is impossible. 

( б ) No absolute measurements need be made except 
that of condenser cliange. Other measurements need 
be only “ comparative.*' 

(c) The resistance is determined by a number of 
points lying on a straight line. An estimate of the 
accuracy of a measurement may be obtained by observing 
whether or not the points do lie on a straight line. 

The value of the mutual coupling does not appreciably 
affect results, as is shown by the agreement obtained 
at varying couplings. At tight couplings there may 
be an error due to losses in the search coil, produced 
by flux from the circuit to be tested. These losses 
would** appear as extra resistance in the circuit to be 
tested 

There can be Httie doubt that the decay factor of 
the circuit under test in the circumstances and surround¬ 
ings under which the test is made is quite accurately 
obtained. The inaccuracies all occur in convating 
this decay factor to a resistance, and for many purposes 
in wireless work this conversion is unnecess^y. 

The graphical construction appears a little com¬ 
plicated and laborious at first sight, but this is more 
apparenl^than real. The measurements and construction 
with the toroidal coil, made after most of the apparatus 
had been assembled, were completed within two hours, 
which included setting up some of the apparatus. The 
fact that a number of points are obtained which should 
lie on a straight line is a very helpful guide as to the 
accuracy of the results, and for this reason it is advisable 
(at least until one is fairly sure of the constancy of the 
valve conditions) to include some points outside tlie 
steep part of the curve. 

Arty capacity coupling between the two coils is not 
suf&cient under the circumstances. of the tests to influ¬ 
ence the results. It was found that to produce a 
resonance curve with condenser coupling alone, a far 
greater value for the condenser was necessary than 
any possible between the coils in their usual positions. 

The measurement of the departure of the frequency 
of a supply from the natural frequency of a given standard 
circuit can certainly be made with very great accuracy, 
and this method of frequency determinations may be 
of value. 

A considerable, field of investigation is opened up by 
the results obtained, and it is hoped to continue the 
work in the Telegraph and Telephone Laboratories 

* See Appendix 2. 


of tbe City and Gviilds (Engineering) CoUege. where 
the whole of the present work was earned out. and wh^ 
we have had the advantage of discussing our results 
with Prof. C. L. Fortescue, O.B.E. 


APPENDIX 1. 

The Effect of Current Variation. 

In the voltmeter method (and similar consideration 
pply also to the ammeter method) it has been^ume 
hat the current remains constant. This, however, 

s not strictly the case. • ^ x 4 .,,^ 

If u is the amplification constant of the amplifier 
ralve! i?o its internal resistance and e the voltage apph^ 
o the ^d by the oscillator, we have for the current 
hrough the coil:— 


^ == 


it = 






fJLB 




or the oaciUatory circuit dosed and open 
In measdtini! *1“ ^ 

.ccordingly measured ^Z and . e y« 

iur ratio is “istead of ZIZ^ required by the 

heory. We have for tliis ratio 

iZ _ jxei? ^ 




-j- Z Ej 
_ Eft -I- ^1 ^ ^ 


Eft+ 2 

Substituting the value of Z 
itio becomes 

Eft + Zy 


Z, 


- Zi -f (a)2Jli w ti*® 


, + .ZjL -1- 


__ i?, + (a>SMS/ga) 


Z, 


1 + [l/(^^o + 


X 




-)( 


1 + 


X 


^2 / 




/ 1 ^ 

ojSAf® f 1_ _ __JL_ 

f 

Z^ \Zj_+{Zi/B^J 

electing the product of tire two smah terms. 

For th! mulVer of 

ctor constructed as shorm in Fig. 20. ^^^® 

^—Z^,IB OB== Z-, + {.zilB^ and OD=lllZi+(ZJB^j. 

win tJie Icle ^ be J ^®I-- 
ameter through an angle equal to XOD greatCT 
an 90' and this must be taken into conaderation m 
L explanation of the angles of the cirde diameter 
limits of the accuracy of tlie above 
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calculatioii there will be no effect on the resistance 
determination. Also, since OA is very nearly equal 
to OB, 4- ZiJRq very little different from 

the calculation of M in Section 6 will* hardly be affected. 

In the well-known resistance-variation method of 
high-frequency resistance * this change of anode current 
may be very important. 


If, therefore, no correction is made, the resistance as 
determined by the usual formula will be too great by 
an amount + Z^), which may be quite 

appreciable. It is evident also that adding different 
resistances r will not solve the difficulty, since the cor¬ 
rection -f Zj) is independent of r. 



In the case shown in Fig. 21 the secondary circuit 
is tuned and the cinrent 1 measured by a thermo¬ 
junction A. Then a resistance r is added and the current 

measured, and ^ -- is the formula given 

X ,, , I 

tor the required resistance. 



ActuaUy. however, if ^ is the anode current, then 
the E.M.F. into the secphdary circuit is jcuMia and 
I 

But i„ '= __ 

■Bo + 

so that I - - (oiMfieg _ 

■BoC-Bq + 2fj) + 


Similarly, after r has been added to the secondarj'. 


and 


4 = 


jcoM/ieg 


{■Ba + >’)(-Bo -t- + oAM® 

J _ (Ba + r)(.Bn -f Z^) + 

•BaC-Bj) + + (o^M^ 

Bo + ~ 

r 

“* 1 jKq 4* Zj 
• See Bateau of Siandariis Otcular No. 74, p. 180. 


(•Bj + 




APPENDIX 2. 

Third (Untuned) Circuit Effects. 

In Fig. 3 we saw how the angle XOD which the 
circle diameter makes wdth the horizontal (the whole 
(hagramis tnmed through aright angle in the construc¬ 
tions from the e3q)erimental results, so that 0"0X is 
drawn vertically upwards) is determined in the simple 
^eory by the angle of the impedance Z^, and how this 
is modified in tiie experiments by tlie small current 
variation (Appendix 1). 

These considerations will explain the angles obtained 
m most of the experiments, but an exception is found 
in Fig. 14 where the angle XOD is very large, about 
136°. This diagram was obtained at 300 m from the 
smaller winding of a reaction coil in which the two 
windings had inductances of 286 /iH and 23 fxH. respec¬ 




tively, and were so tightly coupled that if one had been 
used as a coupling coil to measure the resi/cance of 
the other the voltmeter readings would not have come 
conveniently within the calibration cuirve. A separate, 
small coupling coil was therefore wound and slipped 
over both. Evidently at 300m the larger coil approached 
somewhat near to its natural frequency, and thus 
constituted a third circuit coupled both to the circuit 
under test and to the coupling coil. 

The equations for the E.M.F. in the three circuits 
of Fig. 22 can be written:— 


V = Zjij^ -f ywAfiaij -f '| 

® = ^3*8 + ?• 

0 = ^2*2 +3<oM^i^j 

The manipulation of these is simplified somewhat 
if, following Wegel,* we write Zj^^ for Z^, Z^^ for Z^, 
Zgg for Zg and Z^g for JuM^g, Zgg for jcuMg^ and Z,g , 
for jcuMyg. ■ 

Then the equations become 


^ ~ + •^12*2 
® ■^ 38*8 + •^ 18 ^ + - 228*2 

0 = •?' 22*2 + ^ 12*1 + - 228*8 



0/ Blectriaa Bnginms, 




high-frequency resistance measurement. 
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Eliminating *3 from (4) and ( 6 ) by means of ( 6 ) we 
ibtain:— ■ 




^83 ' ' 33 ' 

When the third circuit is absent == ~ 

,ve have :— 

^ + ^ 12^2 

0 = ^12^1 + ^22^2 

IS before, giving as oiir impedance ratio 
£ = i_:^2.— 

2j ^11 -2^22 

In the case with the third circuit present we obtain 
by symmetry :— 

1 — I^^i2 — (‘^ 23 -^ 13 ^^ 33 )]^ __ }: __ 

— {Zisl^sz) • ^22 *“ (-^ 23 /^ 33 ) 

I'his equation is now examined vectorially. Z^ and 
jjgg are assumed to be sufficiently far from resonance 

to be taken as constant while the vector -^22 
passes through resonance. It is at once clear that our 
measinements and construction will give the decay 
factor and resonant frequency of the vector 
Z^o — {ZlzIZ^z) ii^tead of the vector Z^z» and that 
we are now unable to measure these quantities for 
the vector ^22 coupling coil is not 

coupled with the third circuit (i.e. if Z^^ == 0), this is 
the only effect of the third circuit, since in this case 

the ratio IZ^^ - *" (^is/^ss)] 

comes as before. But if Z^^ is not zero t^ 

ratio will have an angle differing from 90 whence 
angle of^^^jg differs from 90^ and its angle wiU deter¬ 
mine the angle of the circle diameter. 

If we take Z. -^u 


The ratio is therefore given by Of {Fig. 26) where 
Z. fOX — Z. cOX — Z. eOX and the circle diameter 
by OD drawn in the opposite direction to Qi since it is 
given by 

— (^18^^83) *^2 

where 122 is the value of Z^z “ {Zz^lZ^^ at its reso¬ 
nance. 

This explains the large angle obtained in Fig. 14. 
The decay factor of the coil so determined is that of 
the coil in the presence of the second coil (third circuit). 


and draw (see Fig. 23) 



Oa = 

•^18 


ab = 

1 -^23^13 /0 

1 ^3S 1 

then 

Ob - 


and 

Oc = 



drawn so that Z. uOX — 7 2 Z bOX. 

Oc is the numerator of the ratio. In the denominator 

we draw (Fig. 24) Od = Z^^ 

-=i-a^v 


and 


obtain Oe = [Z^ — 




and is correctly measured, but the “resistance 
not the simple meaning it has when there is no second 
coil present. The calculation of the mutual inductan^ 
from the circle diameter will also be upset. The angle 
of the circle diameter thus has a considerable impor^ce 
in the interpretation of the results; and checks by adding 
resistance, and measurements of the mutual inductance, 
cannot be expected to succeed unless the angle in¬ 
forms with that required by the simple theory, indutog 
the current-variation correction ^ven in Appendix l. _ 
This third-circuit investigation has a more genex 
application to ooUs. It is usual to take the self-capaaty 




of a con as being in effect a capacity shmtog tiie 
whole coil AB (Fig. 26). But consisting as it does ^ » 
distributed wire-to-wire capacity, pahaps a draer 
approximation would be given by imagining it sbuntog 
oXapaxt.CD.ofthecoil. Theniftheresistancecouplmg 
is neglected in comparison with the ma^etic eo«P^g* 
the ^ect of the self-cap^ty can be 
separate circuit having inductance, capaaty- 

the latter having a yalue detemuned not ody by 
S^Tristance of the coil AB but also by lie dxd^- 
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is controlled from the side of a resonance curve, would 
meet the difiS-Culty cited by Col. Lefroy. 

Mr. Cobbold draws attention to the wonderful pro¬ 
perties of a. quartz crystal resonator. The crystal is 
a mechanical resonator which can take the place of the 
oscillatory circuit in the suggested scheme for a wave¬ 
length standard over a certain wave-length range. 
Curves taken * with {a) an ordinary inductance-con- 



J..1 .-.X. ; ■ . I . . . . 

Inches 



Fig. B. 


suggested method for a wave-length standard can 
be used with the latest form of oscillatory circuit/ 
the quartz crystal. 

. But however the crystal is used, it would appear that 
the precise frequency that is indicated so sharply is 
not necessarily exactly that of the crystal alone, but 
(what may be somewhat different) that of the crystal 
with its associated electrical circuits, and if these circuits 
have to accompany the crystal its advantage from the 
point of view of portability will not be so marked. One 
advantage that the electrical oscillatory circuit would 
appear to have over the quartz crystal lies in the ease 
with which it may be adjusted to any desired wave¬ 
length. 

Mr, Sutton^s difficulty when measuring the resistance 
of a coil at its natural frequency can be overcome 
quite simply by having a few turns of the ** coupling 
coil coupled tightly with, the coil under test, and the 
rest not coupled at all. Short-circuiting the. few coupled 
turns will have very nearly the same effect as opening 
the switch in the oscillatory circuit, and the small 
inaccuracy introduced can quite easily be corrected. 
If z is the impedance of the few turns and I their induc¬ 
tance, and and the corresponding values for the 



denser oscillatory circuit and (6) a quartz crystal under 
the same conditions are shown in Fig. B. The frequency 
at resonance is 0*1144 x 10® cycles/sec. (wafve-length 
2 164 m), and the frequency scale (horizontal) is 1 266 
•cycles per sec. per inch. If it is reckoned that the cross¬ 
over of the two curves in (a) can be read to within 
1/lOOth inch, the accuracy obtained is 1*266 cycles in 
0*1148 X 10®, or nearly 1 in 10 000, and that is with 
an ordinary oscillatory circuit with only a moderately 
good coil. In addition, although the resonance is 
obviously much sharper with the crystal as shown in 
(6), the resonant frequency can hardly be read off to a 
greater accuracy, but this could be obtained by using 
<a smaller vernier condenser. It might therefore be 
claimed that, far from being out of date, the authors* 


V. J. Terry, senior stuaents at the City 

.and Guilds (Engining) College. 


rest of the coupling coil, we^ have with the s>vitch open 
(see Fig. C), 

and with the switch closed 


Hence 


Fj = 

Fj- ' ~ 


1 -|- 





and the height of the horizontal OA in the construction 
of Fig. 4 is to be taken as 1 + (1/ij) instead of unity. 
This procedure could, if desired, be applied to the pro¬ 
posed wave-length standard. 
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PROCEEDINGS OF THE INSTITUTION. 

719th ordinary MEETING, 6 NOVEMBER, 1924. 
(Held in the Institution Lecture Theatre. 


Mr. W. B. Woodhousei President, took tlie chair 
at 6 p.m. 

The minutes of the Ordinax}’- Meeting held on the 
23rd October, 1924, were taken as read and were con¬ 
firmed and .signed. 

A list of donations to the Benevolent Fund (see 
voL (32, page 974) was taken as read and the thanks of 
the meeting were accorded to the donors. 

Messrs. J. R. .Bedford and J. Hollingworth were 
appointed scrutineers of the ballot for the election and 
transfer of members, and, at tlie end of the meeting, 
the result of the ballot was declared as follows :— 

Elections. 

Members* 

Coulston, Percy Barrett.' Lucas, John George. 

Price, Joseph'Paul. 

Associate Members, 

% 

Crisp, Miles Henry T. ' Jack, James Mackenzie, 
Day, Francis John. B.Sc.(Eng,). 

Hayden, Henry Stock. Phillips, Albert Charles. 

Thwaites, Richard Alan S., B.Sc.(Eng.). 

Graduates, 

Amerasinghe, Richard ^ Hodge, Thomas. 

Peter. * Laughland, Andrew Percy. 

Blaquiere, Henry Arnold. Le Tall, John William, 

Dunphy, John, B.A. 

Durrell, William Henry, Murray, Robert Bruce. 

England, William Charles. Thompson, Francis Sin- 

Hannant, Herbert William clair, B.A. 

M. Waldeck, Thomas Ernest. 

Students, 

Andrews,' Harold Copper. Dommisse, David Rowell. 

Aslibee, Ronald Henry. Edwards, John Charles. 

Ashley, Hugh Hartridge. . Farmer, Bernard James. 
Best, Arthur Andrew. Fryer, Leslie. 

Blalcey, Arthur. Gall, Alexis Charles. 

Blanden, Frank. Gray, Charles Marshall. 

Brickell, Robert Patrick. Greenway, Horace Eldred. 

Broadbent, Herbert. Greenwood, Ernest Rupert. 

Busteed, John William, Grindrod, Maurice Johft, 

Causon, Geoffrey Stephen. B.Sc. 

Choudhury,BenoyChandra. Hammett, William Henry. 

Clemence, Edward. Hardwick, John Rosewell. 

Clunie, Matthew. Harris, Arthur Cyril S. 

Coe, David Kenneth A., Harris, James Harold, 

B.Sc.(EngO. B,Sc.(Eng.). 

Corke, Leslie Cuthbert W. Harris Leonard, Frederick. 

Davidson, George. Henson, William Joseph R. 

Dean, Jalal. Illingworth, Thomas. 

Dick, Robert. Josephs, Henry John. 


Students —continued, 

Kumiing, George Alexan- Sackey, Ebenezer Amos. 

der. Samphier, Leonard Ralph. 

Lambert, William John. Schalit, Salomon. 

Lawrie, James Saunders. Scott, Frank Calde^. 

Lyall, James Soutar. Smith, Arnold James. 

Martin, Eric. Stewart, John McCulloch. 

Matthews, Charles Edward. Stringer, Charles Hubert. 
Mellor, Clarence Hedley, Sykes, John Henry M. 
Mullens, Harold Hill. Tatton, Eric. 

Nettleton, Claude Stafford. Thomas, Trevor Henry. 
Newman, Augustus James. Thome, Edward Charles. 
Pawley, Edward Lewis E. Tumath, Harold Edward 
Pedrick, Sydney. W. 

PengeUy, Percy Joseph. van der Straaten, Philip 
Petrie, William Henry. George. 

Poushkine, George. Waldram, John Malyon, 

Priestley, Frank. B.Sc.(Eng.). 

Quenzer, David John. Williams, Oswald David. 

Rawlinson, Robert (Jun.) Wilson, Ronald'Dennis. 
Renshaw, Alfred Percy Wright, Hugh Crossley. * 
B. Youel, Edward. 

Transfers. * 

Associate Member to Member, 

Cameron, Ernest Gordon. Lower, Richard Anthony. 
Gaze, Harry Philip. Mills, Ernest Arthur. 

Lisle, Arthur, 

B.Sc. (Eng.). 

Graduate to Associate Member, 

Bleach, Chris Charles. ’ Thadhani, Gopaldas Thar- 
Havekin, Thomas, B.Sc. umal, B.Sc, 

Taylor, Herbert Willott. 

Student to Associate Member, 

Amis, Frederick Henry, Dyson, Albert. 

B.Sc.(Eng.). Jepson, Cecil. 

Bickell, Stanley Feneley. Pinkney, William Hale- 
Chandler, WilfredHardinge. wood. 

Student to Graduate, 

Atldns, James Walter. Messent, Keith Santo, B.E. 
Beynon, John Henry. Moore, Raymond Edward. 

Ferranti, Vincent Gerard Pendleton, Edward, * 

S. Z. de. Purnell, Percival Lawrence. 

Fleming,William Kirkland. Russell, Frank Gerald, 
Hollis, George Richard. Sahgal, Amar Chand, B.Sc. 
Kulkami, PiirushottamP., Spring-Smyth, Harold 
B,A., B.Sc.(Eng.). William. ^ 

Langley, John Edward. Thomas, Joseph, M. (Eng.). 
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The President: I have to announce that the Council 
have unanimously elected Sir Oliver Lodge an Honorary 
Member of the Institution. Sir Oliver has been a 
Member of the Institution since 1889 and his work 
in electrical engineering hd.s been of a most varied kind. 
His early work was in connection with the flow of 
electricity through metals, electrolytes and dielectrics, 
on the resistance of alloys, and on the phenomena of 
self-induction and mutual induction. When he was 
Professor of Physics at Liverpool he conducted a series 
of experiments on secondary batteries, and later 
devoted his attention to electrolysis, electrical dis¬ 
charges and the electrical precipitation of particles in 
the air, a subject wliich is becoming more and more 
important. Although we know the very great and 
valuable work he has done in so many fields, his name 
is most intimately connected with the subject of wireless 
telegraphy. The importance of his 1897 invention for 
adding an inductance in an oscillating radiating system, 
for the purpose of tuning and increasing the persistence 
of oscillations, cannot be overestimated. It was an 
extremely valuable addition to the art in its infancy 


and has been adopted in every form of succesful radio¬ 
telegraph transmitter, whether of the spark, arc or high- 
freciuency alternator type. In 1914 he delivered 
before lie Institution the Fifth Kelvin Lecture on 

The Electrification of the Atmosphere, Natural and 
Artificial.*' Sir Oliver has received many honours: 
he is a Fellow of the Royal Society, he has been Presi¬ 
dent of the British Association, and he has been 
a distinguished teacher both at Liverpool and at 
Birmingham. I am sure that members will join with 
the Council in desiring to offer him an additional 
honour by electing him an Honorary Member of the 
Institution. 

The members present unanimously signified their 
approval. 

A paper by Messrs. J. D. Cockcroft, R. T. Coe, J. A. 
Tyacke, Students, and Prof. Miles Walker, Member, 
entitled An Electric Harmonic Analyser " (see page 69), 
was read and discussed. 

On the motion of the President a hearty vote of thanks 
was accorded to the authors, and tlie meeting terminated 
at 7.4.6 p.m. 


720th ordinary MEETING, 20 NOVEMBER, 1924. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on tlie 
6 th November, 1924, were taken as read and were 
confirnied and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall, 


A paper by Mr. G. Rogers, Associate Member, 
entitled Automatic and Semi-Automatic Mercury- 
Vapour Rectifier Substations " (see page 167), was read 
and discussed. 

On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.50 p.m. 


41st MEETING OF THE ^WIRELESS SECTION, 3 DECEMBER, 1924. 
(Held in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, Chairman of the 

Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 6th November, 1924, were taken as read 
and were confirmed and signed. 

A paper by Mr. G. Shearing, B.Sc., Member, entitled 


“ Wireless Telegraph Valve Transmitters Employing 
Rectified Alternating Current " (see page 309), was read 
and discussed. 

On the motion of the Chairman a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.60 p.m. 


721st ORDINARY MEETING, 4 DECEMBER, 1924. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m. ^ 

The minutes of the Ordinary Meeting held on the 
20th November, 1924, were, taken as read and were 
confmned and signed, - 

A list of donations to the Benevolent Fund (see 
page 68) was t:aken as -read and the thanks of the 
i^eetii^g wpre accorded to the donors. 


Prof. J. G. Gray, D.Sc., assteted by Mr. J» 
Gray, then delivered a lecture on " G 3 n:oscopic 
Pendulums," which was accompanied by a demonstra¬ 
tion. 

On the motion of the President a vote of thanks 
to the lecturer was carried with acclamation, and the 
meeting terminated at 7,30 p.m. 
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722nd ordinary MEETING, 18 DECEMBER, 1924. 
(Held in the Institution Lecture Theatre.) 


Mr. A. Page, Vice-President, took the chair^ at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
4th December, 1924, were taken as read and were 
confirmed and signed. 

The following list of donors to the Library was taken 
as read, and the thanks of the meeting were accorded 
to the donors :— 

Library: Meteorological Office, Air Ministry; 

American Institute of Electrical Engineers; American 
Railway Association; Astronomer Royal; Messrs. 
E. Benn, Ltd.; A. Blanchard; Board of Education; 
O. Bonazzi; British Empire Exhibition Committee; 
British Engine Boiler and Electrical Insurance Co., 
Ltd.; British Engineering Standards Association; 
British Non-Ferrous Metal Research Association; 
Messrs. Butterworth and Co.; Dominion Water Power 
Branch and the Government Trade Commissioner, 
Canada; Messrs. Chapman and Hall, Ltd.; R. A. 
Chattock; Chief Inspector of Factories; Comptroller 
General, Department of Overseas Trade; Messrs. 
Constable and Co., Ltd.; H. Cotton, M.B.E.; Depart¬ 
ment of Scientific and Industrial Research; H. M. 
Dowse'tt; Dr. C. V. Drysdale, O.B.E.; Electrical Con¬ 
tractors' Association; " Electrical Review " ; Electricity 
Commissioners; C. F. Elwell; Engineering Institute 
of Canada; E. A. H. French; J. Frith; E. Gaxeke; 
Sir Robert Hadfield, Bart., F.R.S.; H. H. Harrison; 
G. M. Harvey; S. B. Hickin; High Commissioner for 
Canada; High Commissioner for the Union of South 


Africa; H. M. Hobart; Hydro-Electric Power Com¬ 
mission of Ontario ; Imperial Mineral Research Bureau , 
Incorporated Municipal Electrical Association ; Insti¬ 
tution of Engineers, Australia ; Institution of Railway 
Signal Engineers ; John Crear Library; A. C. Jolley ; 
Prof. A- E. Kennelly; Kristiania Geofysiske 
Kommission; Messrs. Marconi's Wireless Telegraph 
Co., Ltd.; G. Marie; R. E. Neale; Det Norske 
Meteorologiske Institut; M. Otagawa; Advisory 
Research Council, Ottawa; E. T. Painton; W. H. 
Patchell; Messrs. E. F. Phillips's Electrical Works, 
Ltd.; Messrs. Sir Isaac Pitman and Sons, Ltd. ; 
W. L. Randell; Messrs. S. Rentell and Co., Ltd. ; 
S. R. Roget; Royal Albert Observatory, Mauritius ; 
Dr. A. Russell, F.R.S. ; H. M. Sayers ; Schweizerischer 
Elektrotechnischer Verein ; J. Scott-Taggart; Signals 
Experimental Establishment, Woolwich ; Messrs. Smith, 
Kempe and Smith ; Soci6t6 des Ingenieurs Civils de 
France; Messrs. E. and F. N. Spon, Ltd.; Surveyor- 
General of India; W. T. Taylor ; H. F. Trewman 
G. E. Tripp, LL.D. ; Under-Secretary for Mines; 
S. Velander ; E. B. Wedmore ; W. Wilson ; The Wire¬ 
less Press, Ltd.; and Lady Yarrow. 

A paper by Mr. Donald Murray, M.A., Member, entitled 
" Speeding up the Telegraphs : A Forecast of the New 
Telegraphy " (see page 245), was read and discussed, 
and a demonstration of printing telegraphs was given. 

On the motion of the Chairman a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.46 p«m. 


42nd MEETING OF THE WIRELESS SECTION, 7 JANUARY, 1926. 


(Held in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 3rd December, 1924, were taken as read 
and were confirmed and signed. 

A paper by Professor E, Mallett, M.Sc., Member, 


and Mr. A. D. Blumlein, Student, entitled “ A New 
Method of High-Frequency Resistance Measurement" 
(see page 397), was read and discussed. 

On the motion of the Chairman a hearty vote of 
thanlcs was accorded to the authors for their paper, 
and the meeting terminated at 7.40 p.m. 


723rd ORDINARY MEETING, 8 JANUARY, 1926. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting of the 
18th December, 1924, were taken as read and were 
confirmed and signed. 

A list of candidates for election and transfer, 
approved by the Council for ballot, was taken as read 
and was ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 


page 165) was taken as read and the thanlcs of the 
meeting were accorded to the donors. 

A paper by Mr* H. W. Taylor, Associate Member, 
entitled " Three-Wire Direct-Current Distribution Net¬ 
works : Some Comparisons in Cost and Operation " 
(see page 337), was read and discussed. 

On the motion of the President a hearty vote of 
tjianks to the author was carried with acclamation, 
and the meeting terminated at 7,60 p.m. 


VoL. 68. 


28 
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724th ordinary MEETING, 22 JANUARY. 1926. 


(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair 
at 6 p.m. 

The minutes of the Ordinary Meeting held on the 
8 th January, 1926, were taken as read and were con¬ 
firmed and signed. 

Messrs. A. E. Kennard and A. W. Marshall were 
appointed scrutineers of the ballot for the election 
and transfer of members and, at the end of the 
meeting, the result of the ballot was declared as 
follows:— 


Graduates —continued. 


Somayajulei, Biilusu Rama 
Srinivasa Moorthy Rao, 
Srinivasarao. 

Subramanian, Mrityun- 
ja3ra. 

Thompson,Thomas Barnes. 
Upasena, Esapala. 

Walker, Herbert. 


Ward, George. 

Waring, Alfred James. 
White, Ernest Henderson. 
Whitehead, John Herbert, 
B.Sc.Tech. 

Wijisinghe, Don Martin. 
Wyatt, Thomas Harold. 


Elections. 

Members. 


Appleyard, Rollo, O.B.E., 
J.P., Commander, 
R.N.V.R. 


Associate 

Allan, David Taylor. 

Carter, Joseph Walter. 
D^ley, Christopher. 
Erlebach, Wilfrid Arthur, 
B,Sc. (Eng.). 

Everett, Reginald Marsh. 
H^,n:is, Thomas Emlyn. 
Jackson, Henry, B.Sc. 
(Eng.). 

Lakeman, Henry George. 
Linzell, Harry. 

Orbell, Robert Hugh. 

Page, Albert, B.Sc. 
Partridge, Charles Frede¬ 
rick, B.Sc. (Eng.): 


Boulton, Percival Ray¬ 
mond. 

Murdoch, William Henry 
F., B.Sc. 

Members. 

Payne, Douglas Harold. 

Peronne, Philippe Ernest. 

Proctor, Roland Faraday, 
B.Sc. (Eng.). 

Richards, Reginald, B.Sc. 
(Eng.). 

Rowles, Henry Percival. 

Smith, Donald George, 
B.Sc. (Eng.). 

Stevenson, George Eugene. 

Toplis, William Sharman. 

Varney, Theodore, B.Sc. 

Welch, Frederick Maurice. 

Wiseman, Robert Joseph, 
D.Sc. 


Graduates. 


Allen, James. 

Bailey, Roland Frederic, 
B.Sc. (Eng.). 

Balasubramanian, M.S., 
B.A., B.E. 

Ball, Alfred. 

Beney, Harry. 

Bhargava, Goverdhan 
Prasad. 

Bishop, John Leo. 

Bull, Walter John H., 
B.Sc. 

Campbell, Percy Oliver. 

Cass, Vernon Sydney. 

Chase-Currier, Victor 
Charles. 

Clarke, Albert Edward. 

Curd, David Alfred G. 

Dickson, William Lay- 
bourne E., B.Sc*(Eng.). 

Gangoly, Umadhava, M.Sc. 

Giles, Ralph Bostock. 

Gogan, James, 


Green, George Ernest. 
Grimmitt, Howard Walker. 
Hahn, Otto Henry, B.Sc. 
(Eng.). 

Harrison, Harold Edward. 
Johnston, Reginald James, 
Jones, Reginald Hugh, 
M.Sc.(Eng.). 

Joshi, Gopal Anant, B.A., 
B.E. ' 

Keast, Norman Radden. 
Kirtikar, Shrikrishna. 
McGuigan, William. 
Masters, Thomas Bertram. 
Musson, Stanley Ford. 

N a d h a n, Vaiankalatur 

Ramaswami H. 

Narbeth, Charles Anstey. 
Pardoe, Leonard Gardiner, 
B.E. 

Provand, Ninian. 

Savage, Joseph. 

Sen, Mahendra Nath. 


Students. 


Adams, Andrew Walter. 
Albert, James William, 
Allen, Bernard Geeson. 
Allen, Carrol. 

Andrew, Alfred Joseph. 
Atherton, John Henry. 
Atkins, Hubert Cyril. 
Atkinson, Cyril Nicholas. 
Atkinson, William Scott, 
Baker, Sidney Henr 3 ^ 
Barlow, Stuart Lansdale M, 
Beach, Arthur Ernest. 
Bearn, James, B.Sc.(Eng.). 
Beattie, William Black¬ 
wood. 

Beaufoy, Samuel. 

Belcher, Cecil Albert. 
Bennett, James. 

Bentley, Lawrence Cran- 
mer. 

Berkeley, Bernard Bruce 
F. 

Berryman, Benjamin 
I Henry J. 

Bitter, Augustus Edward. 
Blayney, Thomas Garland. 
Blenheim, Donald Eugene. 
Bloemsma, Jan. 

Bowker, Henry Charles. 
Brewster, Leonard William 
Briggs, Charles Stanley. 
Brockwell, Reginald 

William. 

Brown, Henry Austen. 
Brown, Walter Robinson. 
Burgess, Charles Edward. 
Bush, Horace. 

Butler, Cyril Dean. 
Caldwell, George 
Alexander. 

Campbell, Duncan. 
Campbell, Ian Drummond. 
Cash, Peter Watson. 

Catten, Thomas. 

Chalmers, William Bums 
B., B.Sc. 

Chapman, Regins^d Henry. 


C h a 11 e r j i, Phanindra 
Mohan, B.Sc. 

Chaudhuri, J 03 ? Deb. 

Chew, Francis Noel. 

Child, Ivon Henry. 

Clirisp, Oswald Alexander. 
Clark, Ronald Isaac H. 
Clayton, Harry. 

Clement, John. 

Clifford, Clifford Hugh. 
Clissold,Frank Willoughby. 
Coates, Raymond Henry. 
Coleman, William Henry J. 
Collis, William Blow G. 
Connelty, Denis. 

Cook, William Arthur. 
Cooper, Walter Fletcher. 
Coupland, Leonard 
Frederick. 

Craddock, Reginald Robert. 
Croucher, James Alfred. 
Cuerden, Thomas Gordon. 
Cutmore,ReginaldRichard. 
Dain, Freclerick Charles. 
Daniel, Leslie Henry. 
Darmanin, Hector. 

David, Neville. 

Davies, William Arthur. 
Davis, Robert Courtney. 
Dean, Edward Timothy. 
Debney, Charles Edward. 
Dick, George. 

Dickie, William John. 
Dickinson, Herb^ George 
B. 

Ditmas, John Mesham R., 
B.A. 

Dixon, Stanley Henry. 
Dobbie, Robert George M., 
B.Sc. 

Drabble, Arthur Frederick. 
Drake, William Edward J . 
Duckworth, Laurence 
Sidney. 

Dunsford, Edwin Henry. 
Durbin, James. 

Dykes, John. 
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Students— 

Elliott, Ernest. 

Escott, Alexander John. 
Evans, Rh 3 ''s. 

Evans, Ronald Coyle. 
Evans, William Freeman. 
Ford, Wallace. 

Foskett, Ronald Stanley. 
Fountain, Leslie Arthur. 
Fox, Stanley Charle.s E. 
Franklin, Arthur James. 
French, David Charles. 
Fuller, Arthur Leslie. 
Gabriel, Samuel Lewis D. 
Gangoli, Nehar. 

George, C. Francis. 

Gerard, Arthur Geoffrey L. 
Gibson, William. 

Gilbert, John Edward. 

Gill, Francis Cawthra. 

Glew, Frederick Stanley. 
Goodman, Arthur. 

Goodwin, Dougla.s Ahearn. 
Gorkie^vicz, Richard. 

Gower, Sydney Clayton. 
Grant, Patrick Seafiold. 
Green, Robert James P. 
Green^yood, Albert 
Edward. 

Greenwood, John Herbert. 
Gurney, Norman Richard 
D. 

Hall, Donald Leslie. 

Hall, Philip Stedman. 
Hamp, George Alexander. 
Hardisty, Rupert Wood- 
ville. 

Harper, Cecil Thomas A. 
Harrabin^ hrank. 

Harrison, Neville Isaac B. 
Harthan, Edmund Pring. 
Hawkesley, Edgar. 

Hawley, Philip Alan. 
Hayat, Mohammad. 

Hayes, James Henry. 
Hedgecock, Edward. 

Plill, John Bartholomew. 
Hind, Harold Stanley, 
Hinds, George Alfred R. 
Hirshraan, Cyril. 

Hirst, Alexander William 
C. 

Hodkinsoii, John Clillord. 
Hogg, Thomas Mylne. 
Hoggan, Leslie Edward A, 
Holland, Albert Eric. 
Holmwood, Kenneth 
Arthur. 

Hughes, Cecil. 

Hughes, John Gilbertson. 
Hutchen, Alan Frank. 
Hutter, Henry Edmond. 
Ignatieff, Nicholas, 


continued. 

Jackson, Edward Gerald 
H. 

Jackson, Willie. 

James, Douglas John. 
Jewell, Edward Horace T., 
B.Sc. 

Jones, Elwyn, B.Sc. 

Jones, Harold Edward. 
Kamen, Maurice. 

Karkaria, Adi Jehangir. 
Kenyon, Alec Hindle. 

Kerr, William John. 

Khan, Mohamed Afzal Ali, 
B.Sc. 

King, Cyril Matthew. 

King, Frederick Joseph. 
Kitching, Philip Henry. 
Kniveton, Allan Aspinal. 
Krishna Rao, Sivanapur, 
B.Sc. 

Lackie, David Lamond, 
B.Sc. 

Land, James Edward. 
Ledsom, .Alexander. 

Iwcftley, Joseph Richard. 
Leigh, Harold. 

I-eslie, Bernard Heriot P. 
I-ewis, Frederick William 
M. 

Uthgow, Douglas Lock¬ 
hart B. 

Low, WilJiani Kemp. 
McCartney, Hugh. 
McCormac, Arthur. 

MeIn man, MeredithCharles. 
Mackersey, Colin Alleyne. 
Macnee,Douglas Hamilton. 
Maggs, Percy James. 
Mansford, Hugh Lyon. 
Marlow, Dennis Herbert. 
Martin, John Anthony 
F. 

Masterman, Christopher 
Edward. 

Mathews, Ernest Samuel. 
May, George Egerton. 
Mayer, Cornelius Geerts. 
Majmard, Stanley Payne. 
Meswaiii, Vasanji Mul- 
chand. 

Middleton, Robert Allan. 
Mitchell, Henry Ledger. 
Moody, George John. 
Moores, Frederick Ronald. 
Morrill, Albert Edward. 
Moussa, Mohamed. 

Muir, Donald Somerville. 
Murra 3 ^ Cyril. 

Neal, Cyrii Arthur. 

Nixon, William Geoffrey J. 
O'Connor, Charles Patrick. 
’ Offord, George Robert. 


Students —c 
Osment, Cyril George. 

Pack, Stanley Walter C. 
Page, Robert Burton. 
Panton, Reginald. 

Parke, Dudley Wain- 
wright. 

Parker, William Alfred. 
Parsons, Reginald Alfred 
E. 

Patton, William Archibald 
H. 

Peall, George Strickland 
H. 

Peaston, Clidord John. 
Pemberton, William. 

Peters, Alan Neil. 

Pettitt, Leslie William. 
Pliillips, Ivor Heath. 
Phillips, Leonard Hamlyn 

j- 

Pierce, Robert Frank R. 
Piercy, Raymond Hugh S. 
Pilcher, Richard Hessey. 
Possnett, Arthur Frederick 

J. 

Potter, William Henry. 
Pritchard, Arthur Lennox. 
Pugh, David William. 
Raisin, Aubrey Howard. 
Ralph, Tom. 

Ramasawmi, Alappakkam 
♦ Varadachary. 

Rawll, Stanley Charles. 
Rayner, William Eric. 
Redclift, Ronald David. 
Reddi, Chithathurai 
Govindurajulu. 

Reddy, Pingle Janardan. 
Reed, Morris. 

Reynolds, Basil William. 
Rhodes, John Kenneth. 
Rhodes, Joseph William. 
Rickett, Owen Charles. 
Rigg, Robert. 

Roberts, Edwin Reece. 
Robertson, Bertram 
Howard, B.Sc. 

Robertson, Eric Stanley. 
Rocha, Carlos de Seixas. 
Roger, Alfred John R. 
Rogers, Thomas Howard. 
Rundle, John Leslie, B.Sc, 
(Eng.). 

Ryan, Patrick Leo, 

Sage, Edgar Thomas. 
Schou, Gaston Recardo. 
Sen, Rajani Kumar, B.Sc. 
Seshagiri Rao T., B.Sc. 
Shankariah, Nagalapur 
Seshasastri, B.Sc. 
Sharma, Dev Datt, B.Sc. 
Shaw, Stanlej^ Ker. 


Shepherd, William Ray¬ 
mond. 

Shirley, George Edward. 
Shrivastava, Harinarayan 
. Lai. 

Sibal, Bisheshwar Nath, 
M.Sc. 

Simmonds, Henry.. 

Simon, Eric William. 
Skoulding, John Horace. 
Slade, Alexander Henry. 
Smith, Dennis Harry. 
Smith, Douglas MacLeod. 
Somervell, Ronald Arthur 
B.A. 

Somerville, Arthur Walter 
. M. 

Souter, William Thomas F. 
Soutter, Cedric Guy.. 
Stephens, Richard. 
Stephens, Rupert Douglas. 
Stephens, William Charles. 
Stevens, Sydney Arthur. 
Stevens,Thomas Frederick. 
Stock, John Miles. 
Stockley, Artliur Chamber- 
lain. 

Storrar, Jack Hector. 
Straw, John G. 

Strevens, Ernest Leslie. 
Stribley, Leslie Wills. 
Swift, William Harold. 
Sydenham, Reginald 
James. 

Tankosai, Wake. 

Thomas, George Herbert. 
Thorp, Gilbert Hanley. 
Tombleson, Harold. 
Towers, Frederick William 
G. 

Towes, George Fredrich. 
Tucker, Valentine. 
Turnbull, Ian Love. 
Tyrrell, Gilbert Charles. 
Tyson, William Reginald. 
V edanthi en gar, Komandur. 
Vizard, Herbert James. 
Waddle, Robert Alfred, 
B.Sc. 

Waite^ William Eric. . ^ 
Walker, Gordon, Mabor. 
Warlow, Arthur James P. 
Waring, John Noel. 
Warrington, Richard 
Mervyn. 

Webb, Allen Ashard. 
Weisman, Barnett. 

Weller, Herbert Lewis. 
Westwood, Edgar Fred. 
Wethered, Harold 
Edmund. , 

White, Adam Watson. 
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Stitdents —continued. 


Whittle, Norman Edward, 
Williams, Benjamin Jones. 
Williams, Edgar Ledger. 
Wilson, Eric. 

Wiltshire, Herbert Charles, 
B.Sc. ' 

Woods, Harold, B.Eng. 
Woods, Reginald Arthur. 


Wray, John Alan. 
Wright, Colin, 

Wright, Herbert (Jun.) 
Wright, Walter James. 
Yeung, Shin Hong. 
Yews, Douglas Clement, 
Young, Harry Robert. 
Young, Martin Henry, 


Powell, Edward 
hassett S. 

Russell, Joh 
(Eng.). 

Strickland, Albert Mac- 
dougall. 

Stuart, Walter Stanley 
B.Eng. 


Trelease, John Stanley, 
B.Sc.Tech. 

Turton, Leonard, B.Eng. 
Unwin, Dudley James. 
Webb, Clifford Ernest, 
B.Sc. (Eng.), 

Wilman, Charles Wilfrid. 


Student to Associate Member — continued. 
Blenner- 


Associaie. 

Gardner, George Anthony. 


Transfers. 

Associate Member to Member. 


Beetlestone, Mark Arthur. 
Buckley, Percival, Capt,, 
R.E.(T.) 

Bush, Paul Francis W., 
Capt., R.A.F. 

Caiman, Cecil George. . 
Chatterjee, Bhim Chandra, 
B.A., B.Sc., B.L. 

Del Mar, William Arthur. 
Fippard, Arthur John. 
Henderson, Matthew 
Cochrane. 


Kemp, Charles Richard. 
Monaghan, Thomas 
Joseph, B.Sc.(Eng.). 
Pannell, Ernest Vincent. 
Perrin, Cecil Marsden. 
Robertson, Robert Knight. 
Ryan, Mervyn Frederick. 
Sorby, Vincent Dare. 
Stanton, Albert Lennox. 
Stephens, John Newton. 
Wilson, James Laing. 


Associate to Me^nber. 
Unbehaun, Albert Carl. 


Graduate to Associate Member. 


Browne, Arthur William. 
Batham, Guy S 5 unondsM., 
B.Sc. 

Dalton, George Allan, 
de 01iveira,Antonio Carlos. 
Dickinson, James, M.A., 
M.Eng. 

Glasse, Alfred Onslow. 
Guthrie, Alec, B.Sc.(Eng,). 
Jones, David WilHam G. 
Mackay, William Morton. 
B.Sc. 

McLaughlan, Bernard 
Alphonsus. 


Williams, Bertram Evan 


Miller, David McRoberts. 
Molle, George William, 
hlorgan, Hedley Edmund, 
Murray, Robert Bruce. 
Onslow, David Victor. 
Payne, Norman Burkett. 
Robson, Charles William 
B.Sc. 

Rogerson, Robert. 
Sarsfield, Leslie Gerald H. 

B.Sc. (Eng.), 

Sclar, Isaac. 

Stevens, Geprge Carson. 
SwaJe, William Eric. 


Student to Associate Member. 


Allam, Eric Bertram, 
Baxendale, Frank, B.Sc. 
(Eng.). 

Butterworth, Hubert, 
Chappie, Harry John B,, 
B.Sc. (Eng.). 

Cousins, Cyril George, 
B.Sc. (Eng.). 

Grose, Stewart Jewell, 
B.Sc. (Eng.). 

Harvey, Arthur Frederic 
S. 


Heatly, William Gladstone. 
B.Sc.(Eng.). 

Jolin, Charles Henry 
B.Sc, (Eng.), 

Keet, Alan Livingstone, 
B.Eng. 

Matthews, William 
Thomas. 

Needham, Joseph Frank 
W,, B.Sc. 

Nixon, John .Humphrey R. 
Piqueti John. 


Student to Graduate. 


Alder, Charles Daniel, 
B.Sc. 

Atkins, William Thomas 
J., B.Sc.(Eng.). 

Avison, Robert Geoffrey. 
Baker, Charles Hale. 
Barson, Albert Clifford, 
B.Sc. (Eng.). 

Bennett, Horace William 

J. 

Bent, Fred. 

Bishop, Edgar Richard. 
Bladder, Clarence William. 
Bunt, Noel Barnden. 
Charles, Norman Henry, 

I B.Sc. (Eng.). 

Clegg, Percy, B.Sc.Tech. 
Cox, Robert Stuart W. 
Cruttwell, Coliu Edward, 
B.Sc. (Eng.). 

Davies, William Richard. 
Easter, Charles Edward. 
Ezard, Gerald. 

Ferguson, Robert Hugh, 
B.Sc. 

Filbey, Charles Albert. 
Gardiuer, Herbert William 
B., B.Sc.(Eng.). 

Gosling, Arthur John B. 
Hall, Harry, B.Sc.Tech. 
Hullah, Roland Gilbert, 
Kelly, Maurice James. 
Lamerton, Henry, B.Sc. 
(Eng.). 

Leyland, Arthur James, 
B.Sc.Tech. 

Maiden, Reginald Stuart. 


Nadkami, Ananh 
Pandurang, 

Norris, Harry. 

Norton, Leopold Gerard. 
Novaes, Paulo de Oliveiria. 
O'Brien, Brian, M.Eng. 
O'Meara, Esmonde. 

Paine, George Richard. 
Pogg, Reginald Noel. 

Pick, Thomas Sisson, 
B.Sc.(Eng.). 

Pillans, James Pritchard S. 
Rayner, Frederick John. 
Ridley, Allison. 

Russell, Robert. 

Scaling, Thomas N^ton. 
Scrafton, Christopher 
Dixon. 

Springsguth, Charles 
Edward. 

Stearn, George Fletcher, 
M.A. 

SutcHffe, Tom Halliwell, 
B.Sc.Tech. 

Thomas, C)a:il Marsingall. 
Thomas, Leonard. 

Thomas, William Neam, 
B.Eng. 

Vicario, Victor Charles. 
Waterhouse, Clifford 
Thwaite. 

Westell, Edgar Philip L. 
Wills, Felix Percival, 
B.Sc. (Eng.). 

Winfield, Frederick C., 
M.Eng. 

Wynne, Richard. 


The President: The next business is unusual 
but very welcome. We have with us this evening Mr. 
L Perguson Bell, President of the Institution of Gas 
Engineers, with a deputation from his Council, and I 
propose to ask him to explain the object of their 
visit. 

Mr. J. Ferguson BeU: I should Hke in the first 
place to thank the members for their very, cordial 
welcome. I have attended for the purpose of asking 
tte Institution to accept an engraved plate and a 
framed presidential certificate, which wiU be presented 
to Dr. Alexander Russell, who was President last 
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session. This certificate is signed by the present 
President, Mr. Woodhouse. At the Annual Meeting of 
the Institution of Gas Engineers last year, a presi¬ 
dential certificate designed by Mr. F. D, Marshall 
was presented by me to our retiring President, Mr. i 
Samuel Tagg, in commemoration of his year of oftice. . 
The certificate was exhibited in this building, where 
our meetings were held, and was much admired. Our 
Council desired to make some tangible acknowledg¬ 
ment of the kindness that we have received from the 
Institution, not only last year but in former years, in 
giving us the free use of these fine premises for our 
meetings, and we therefore thought that we should 
like to express in soms form our appreciation by pre¬ 
senting to the Institution a souvenir, which has taken 
the form of a presidential certificate. The acceptance 
of this engraved certificate indicates the good feeling 
that happily exists between the members of both 
Institutions, and I venture to say that we hope this : 
happy feeling of friendliness will long continue. I | 
should like now to strike a personal note and mention j 
that 30 years ago I was associated with the late Dr. ; 
John Hopkinson. Mr. J. S. Highficld was also | 
associated with me at the Stafford Corporation Elec- i 
tricity Works. In those days electricity was in its i 
infancy ; it was considered a hixury. So far back, how- i 
ever, as over 30 years ago—I believe that the date was 
1890—I advised the Corporation to erect an electricity 
works.'' I told them that electricity had a great future, 
and that it eventually would become one of our 
important public utility services. That forecast has 
been fully justified; and the great advance made by 
electricity, due to the high technical skill, the enter¬ 
prise, and the efficiency of tlxe various members of 
the Institution, is indicated by the enormous use that 
is now made of electricity for very many purposes. 
The advance of light and power is indicated on all 
hands and in many directions. The importance of 
electro-cJ^-emistry may be gauged by the fact that many 
products now on the market are made by electrical 
processes which in some instances are doing away 
with the older processes. Electro-metallurgy applied 
to the products of chemical reactions and molecular j 
changes at furnace temperatures are well known. 
Electricity is also used in most of our great infirmaries 
and hospitals for the alleviation of suffering and pain. 
We also know the enormous advance which has been 
made in the development of the telephone, and then 
we have the almost incredible wonders of wireless. 
AJl these indicate the immense and the alluring pur¬ 
suits in the further application of electricity. It may 
be that in years to come we shall get a great deal of 
energy from sources other than coal. I think that that 
will be to the advantage of the community, because our 
supplies of coal are not altogether inexhaustible. Coal 
is dear, and thus if electricity can be generated 
from other sources and coal saved for those processes 
for which it is essential, electrical enginieers will be 
conferring a further benefit on the community. In 
conclusion, I should like to congratulate the electrical 
industry upon the weU-known scientific men—might 
say brilliant scientific Inen—^who are engaged within 
its ranks and who are supported by well-trained; 


enthusiastic younger men. Also, it is well supported 
by its technical Press. All these have tended towards 
the extension of electricity. On behalf of the Insti¬ 
tution of Gas Engineers, which the deputation repre¬ 
sents, I wish the Institution of Electrical Engineers 
continued prosperity; and in this connection we 
members of the Institution of Gas Engineers believe 
that there is ample scope for both industries to prosper. 
There must at times be inevitable competition between 
the different forms of energy, but competition tends to 
progress, and competition, so long as it is reasonable, 
is to the benefit of both our industries. I do not think, 
speaking for the gas industry, that we should have 
made so much progress during the last quarter of a 
century if we had not been pushed forward by 
electrical engineers. It is with the greatest pleasure 
that I ask the President to accept this presidential 
certificate, along with the engraved plate from which it 
is a first impression and from which I hope that he 
will later receive a certificate for himself. 

Mr. Bell then formally presented to the President 
the engraved plate and the presidential certificate, 
the latter being in a gilt frame and containing the 
following words:— 

“ Institution of Electrical Engineers, Founded 1871, 
Incorporated by Royal Charter 1921. This is to record 
that Dr. Alexander Russell, LL.D., F.R.S., held the 
office of President for the year 1923-24. Witness our 
hands and seal this 8th day of Januar}»’, 1926. 
(Signed) W. B. Woodhouse, President; F. Gill. Member 
of Council; P. F. Rowell, Secretary.’*' 

The President: I have very great pleasure in 
accepting, on behalf of the Council of the Institution 
of Electrical Engineers, this charming certificate, 
carrying out the very artistic and appropriate design 
which Mr. F. D. Marshall has been kind enough to 
prepare. In granting to the Institution of Gas En^- 
neers the use at times of this lecture theatre we did 
not expect any such tangible return as this. We our¬ 
selves in the past have been the guests of other scientific 
Institutions, and we are very happy now to be in a 
position to show hospitality to other engineering 
societies. I am sure I am only voicing the views of 
all the members in saying that we appreciate very 
deeply indeed this graceful act on the part of the 
members of a sister engineering Institution. The 
members of the Institution of (xas Engineer, like 
many of our own members, are concerned mth the 
proper utilization of coal, and probably the differences 
oi opinion which exist as to what is quite the best 
way to do it are apt to overshadow the very numerous 
and very important interests which we have in common. 
We are both attempting to solve the same problem. 
We have very largely worked on independent lines, 
but we who are engaged in the supply of electricity to 
the public are very much indebted to the gas engineers 
for. having first of all made the public aware that they 
could purchase a means of light, of heat, and of power 
from a public source, and that they could turn on the 
tap and get just as much or just as little as they wanted. 
When we came on the scene with another means of 
light, heat and power we had a public which was to 
some extent educated. I look forward in the ffiture to 
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a closer approacli between all those who are engaged 
in the ntUization of coal. Gas engineers, those who are 
engaged in producing coke for metallurgical purposes 
those who are engaged in mining coal, and onrselvas' 
are all closely and very deeply concerned in finding 
the best possible way to use that coal, and the best 
possible way to bring to the public the light, the heat 
and ^e power that they require. I think the present 
occasion is a very happy augury of future association 
m discussing such matters. I believe that a discussion 
of our common problems, as well as a discussion of our 
differences, will be all to the good. I am sure we are 
all at one in the object in view, which is to the 

best possible utilkation of our national resources of 
coal in every possible way. I am very glad to accept 
on behalf of the Institution, this kind gift, and I now 
tove to ask. Dr. Alexander Eussell, as the immediate 
Past-President, to accept this very handsome certificate 
as a record of his year of Presidency. 


The President then presented the certificate to Dr. 
Alexander Russell, and the deputation withdrew. 

I have pleasure in announcing 
that at their meeting held this afternoon the Council 
decided to award the Faraday Medal to Sir Joseph 
John Thomson in recognition of the distinguished 
work which he has done for electrical science. Sir 
Joseph’s work is so well known that there is no need 
for me to refer to it in detail, but I may remind the 
members that he is an Honorary Member of our Insti¬ 
tution, and we are proud to offer him this additional 
recognition of our appreciation. 

A paper by Mr. H. W. Clothier, entitled ‘"The 
Design of Electrical Plant, Control Gear and Connec- 
bons for Protection against Shock. Fire and Faults " 
(see page 426). was then read and discussed. On the 
motion of the President a hearty vote of thanks was 
accorded to the author for his paper, and the meeting 
terminated at 8 p.m. ® 
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Associate Mem^rahip Examination Results, 
February, 1925 . ’ 

Roy.^l Corps op Signals. 

Passed in “ The Theory of Electrical Military 
Signalling.*' 

Charlesworth, Lieutenant J. F., Middlesex Regiment. 

T Fusiliers. 

Knight, Lieutenant C. W., Royal Artillery. 

Nevnngtom Captain M. T. L., 18th K.E.O. Cavalry. 
Patereon. S^ond-Lieutenant D. R.. Royal Signals. 
Peachell, Lieutenant W. A., Q.O. Royal W^t Kent 
Regiment. 

Rmk^, Lieutenant R. F., 2/I5th Punjab Regiment. 
Roberts, Captain V. P.. i^th Light Cavalry. 

Rowley Captain B. G., 14th Punjab Regiment. 

^ptam E.. l/3rd Q.A.O. Gurkha Rifles. 
White, lieutenant C. M. F.. Royal Artillery. 

Wilson, Lieutenant F. K.. Gloster Regiment. 

i. Eiectriou 

Institute has been approved under 

S. SS,'ao“” ““ “■> 

Approved for Higher Grade Certificate's {Advanced Part- 
time Cour.se). 

Borough Polytechnic Institute. 


Large 


Third Int^ational Conference on 
Electric Supply Systems. ° 

Institution have nominated the 
flowing to be the British official dele^s 2 Tc 
abwe Conference (see Journal I.E.E., vol. 62 page 974) 
to be held m Paris from the 16th to the 26th JuL •- 


Jlr. W. B. Woodhouse (first British delegate). 

Mr. A. R. Everest, ’ 

Mr. P. V. Hunter, C.B.E., 

Mr. A. Page, 

Mr. E. B. Wedmore. 

^uncUktCT*^^* delegates may be appointed by the 

Members of toe Institution desiring to attend toe 
Conference unofficially should send in their names 
with a remittance of £1 2s. 6d.. to the Secretary of toe 

JSJJfm Se^'*' menibersbip 

The Secretary of toe Conference states that toe 

participation in the discussions; 
(4) two o^ies of each paper submitted to toe Confer¬ 
ence , (3) Participation in all entertainments and visits 
f excursions organized in connection with 

JSih S ZS; ‘ 

Informal Meetings. 

The following Informal Meetings have been held 

60th Informal Meeting (8th December, 1924). 
Chairman : Mr. J. Coxon. ‘ 

I-eoture: " A Walk round the Pretoria Power 

Station (delivered by Mr. G. M. Clark. M A) 

Speakers: Messrs. B. A. Bent. A. F. Harm’er A N 
Allman, W. A. Ritchie, W. L. E. Jones, A. G Hilling 
P. Dunsheath, O.B.E.. W. Day, W. E Rogers V N* 
Halliday, M. Whitgift and J. Coxon. ® ’ 

61st Informal Meeting (I6th December, 1924). 
Chairman : Mr. F. Pooley. 

S^ect of Discussion : " I.E.E. Wiring Regulations ” 
(mtroduced by Mr. F. C. Raphael). 
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Speakers : Messrs. LL B. Atkinson, W. E. Rogers, 
H. J. Cash, W, R. Rawlings, K. A. Scott-Moncrieff, 
E. P. Hunter, H. T. Young, F. W. Purse, H. Marryat, 
W. E. Warrilow, J. G. C. Bacon, P. S. Davies, J. M. 
Donaldson and A. W. Tate; also F. Peake Sexton 
(written communication). 

62nd Informal Meeting (12th January, 1926). 

Chairman : Mr. P. Dunsheath, O.B.E. 

Subject of Discussion : ** Telephonic Development in 
Great Britain and in the United States ” (introduced 
by Mr. W. Day). 

Speakers: Messrs. A. F. Harmer, H. E. Monish, 
J. R. Bedford, J. F. Shipley, R. J. Hines, S. M. 
Catterson, B. O. Anson, J. W. Wheeler, A. G, Hilling, 
E. S. Ritter, F. Pooley, H. J. H. Tabor and P. 
Dunsheath, O.B.E. 

63rd Informal Meeting (26th January, 1926). 
Chairman : Mr. A. F. Harmer, 

Subject of Discussion : ''The National Physical 
Laboratory and its Work(introduced by Mr. S. W. 
Melsom). 

Speakers: Messrs. P. Dunsheath, O.B.E., H. T. 
Young, J. R. Bedford, W. Day, C. F. Phillips, E. S. 
Ritter, F. Gill, C. L. Lipman and A. F. Harmer, 

64t?i Informal Meeting (2nd February, 1926). 
Chairman : Mr. F. Pooley. 

The Chairman reported the death of Mr. C. H. 
Wordingham, C.B.E., Past-President, and as a mark 
of respect and to express tlieir sympathy with the 
widow, the members stood for a few moments in 
silence. 

Subject of Discussion: " The New I.E.E. Wiring 

Regulations " (further discussion). 

Speakers : Messrs. J. Coxon, J. R. Bedford, W. A. 
Ritchie, F. Harmer, R. Grierson, E. S. Ritter, 
A. H. Allen, C. J. Lawrence, H, T. Young, F. C. Raphael, 
S. W. Melsom, L. J. Gooch, H. J. Cash, W. R. 
Rawlings and LI. B. Atkinson. 

Accessions to the Lending Library. 

Allmand, a. j. The principles of applied electro¬ 
chemistry. 2nd ed., revised and enlarged by the 
author and H. J. T. Ellingham. 

8vo. 738 pp. London t 1924 
Baker, R. P. The preparation of reports; engineering, 
scientific, administrative. 

8vo. 483 pp. New York, 1924 
Ballantine, S. Radio telephony for amateurs. 2nd 
ed. 8vo. 296 pp: London, 1924 

Bishop, C. C. Electrical drafting and design. 

8vo. 173 pp. New York, 1924 
Bragg, Sir W. H., D.Sc,, F.R.S., and Bragg, 

W. L., jF.R.S. X-ra 3 rs and crj-stal structure. 
4th ed. 8vo. 333 pp. London, 1924 

Brownlie,D. Mechanical stoking. A practical treatise 
on the essentials of machine stoking, and the con¬ 
struction and operation of mechanical stokers. 

sm. 8v6. 244 pp. London, 1923 


Burnham, T. H, Special steels. A concise treatise 
on the constitution, manufacture, working, heat 
treatment, and applications of alloy steels. Chiefl^^ 
founded on the researclies regarding alloy steels 
of Sir R. Hadfield, Bt., and with a foreword by 
him. sm. 8vo. 216 pp. Low/ow, 1923 

CoDD, M. A. Electric wiring diagrams for motor 
vehicles; embracing all the leading S 3 ’stems of 
lighting, starting and ignition for British, American 
and European motor vehicles. 

8vo. 92 pp. London, 1924 
Cotton, H. Electrical technolog 3 ^ A text-book cover¬ 
ing the syllabus of the B.Sc. Engineering, A.M.l.E.E. 
and the National Certificate examinations in this 
subject. 8vo. 391 pp. Lond(yn, 1924 

Croft, T, Alternating-current armature winding. 

8vo. 361 pp. New York, 1924 

-Conduit wiring. 8vo. 468 pp. New York, 1924 

-Electrical machiner 3 '^ and control diagrams. 

8vo. 317 pp. New York, 1924 

-Wiring for light and power. A detailed and full 3 ' 

illustrated commentary on the National Electrical 
Code. 4th ed. 8vo. 566 pp. New York, 1924 
Dawes, C. L. Industrial electricitxL part 1, 

8 VO. 385 pp. New York, 1924 
DE Bruy'NK, N. a. The electrohj'tic rectifier. Con¬ 
taining a chapter showing how to make and use a 
rectifier for charging accumulators from a.c. supply 
mains. sm. 8vo. 82 pp. London, 1924 

Del Mar, W. A. Electric cables ; their design, manufac¬ 
ture and use. Lectures delivered in the Moore 
School of Electrical Engineering of the University 
of Pennsylvania, 1923-24. 

8vo. 216 pp. New York, 1924 

Dowsett, H. M. WTireless telephon 3 »^ and broadcasting. 
2 vol. la. 8vo. London, 1924 


The Benevolent Fund. 


The following is a list of the Donations and Annual 
Subscriptions received during the period 26 February- 
26 March, 1926 :— 


Abernethy, J. W. A. (Alloa),. 

Aitken, I. M. E. (Urmston) .. 

Allan, P. F. (Newcastle-on-Tyno) .. 
Allen, T. P. (Belfast) 

Arnold, M. H. (Hong Kong).. 

Ayengar, T. K. R. (Bombay) 

Barnett, W. A. (West Bromwich) .. 
Bates, D. O. (China) .. 

Batty, B. (Stafford) .. 

Batty, H. (Barbados) 

Baxter, W. M, (Calcutta) 

Bearcroft, H. P. (Penang) 

Bell, D. E. (Wakefield) 

Bennett, J. E. (Coventry) 

Blades, H. (Birmingham) 

Bland, J. G. (Brighton) 

Blazey, N. C. (Rangoon) 

BXoome, J. (Manchester) .. ... 

* Annual Subscriptions. 


£ s. d. 

3 0 

5 0 
10 0 

2 6 
1 0 0 

6 0 
6 0* 

10 0 
2 6 
3 6 
6 0 
3 6 
10 6 

5 0 

6 0 * 
2 6 

10 0 
8 6 
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Brookes, A. (Beeston, Notts.) 

Brown, R. C. (Preston) 

Brown, W. A. (London) 

Browne, B. F. (Santos, Brazil) 

Butler, C. F. (Glasgow) 

Calogreedy, H. C. (Guayaquil) 

Campion, R, H. (Huntingdon) 

Cape, A, B. (Birmingham) .. 

Carnegie, H. S. (London) ., 

Cave, P. W. (Liverpool) 

Chamberlain, R. H. (Northampton) 
Chamen, W. F. (Llantwit Vardre, Glam.) 
Charman, C. E. (London) 

G-. D, (Birmingham) ., 

Clements, H, (Chile) 

Collard, H. W. (London) 

Cornwell, J. C. (London) 

Cox, C. H. F. (London) 

Cox, H. E. (Beckenham) 

Cox, L. C. (Coventry) 

Darling, W. N. (Airdrie) 

Dashwood, E. K. (London) .. 

Dennis, T. H. (Singapore) 

Dent, E. D. (Grange-over-Sands, Lancs.) 
Dent, G. B. (Newton Abbot) 

Dransfield, T. E. (Manchester) . 

Elias, J. (Merthyr Tydfil) .. 

Emerson, S. J, (Chester) 

Farmer, C. D. (London) 

Feaxnley, B. E. (Wolverhampton) .. 
FitzGerald, A. S. (New York) 

Flight, W. S. (London) .. 

Fowler, C, F. (Leeds).. 

Fumeaux, J. A, (London) .. 

Garland, J. (Namaqualand) .. 

Glass, F. (Hong Kong) 

'Gooch, L, J. (Radlett) 

Goode, R. W. (Shoeburyness) 

Gothard, B. W. (Farnborough) 

Graham, D, H. (Coventry) ,, 

Greenhalgh, E. (London) 

Hadrill, H. J, (Liscard) . 

Harmsworth, H. B. (London) 

Harris, L. H. (London) 

Hick, E. A. (Western Australia) 

Hill, S. M. (Manchester) 

Hodges, C. C. (Dawlish) 

Hodson, W. (Aberdeen) .. 

HoUin, A. S. (Bradford) 

Hopkin, D. W. (London) .. ! [ 

Hugh-Jones, T. W, (Peru) .. 

Hunt, J, A. (London) 

Hunter, N. (South Shields) .. .. * 

James, H. F. (Bombay) 

Jaques, H. H. (London) . 

Jewson, F. K. (London) . 

Jones, E. T. L. (Cardiff) 

Kay, H. H. (Liverpool) ' .. 

Keating, A. E. (Leeds) 

Kitchen, H. (Monks^ton) .. 

Knill, Er P. (Bristol) 

* Annual Subscriptions. 


£ s. d. 

5 0 * 
5 0 
1 1 0 
15 0 
10 0 
2 6 0* 
1 11 0 
2 6 

5 0 

a 6 
2 6* 

6 0 

5 0 

6 0 * 
6 0 
8 6 
5 0 

10 6 
10 0 

5 0 

6 0 

1 0 0 
1 5 0 

2 6 


5 

0 

5 

0 

5 

0 

2 

6 

5 

0 

2 

6* 

6 

0 

5 

0* 

2 

6 

5 

0 

15 

0 

1 0 

0* 

5 

0 

5 

0 

5 

0 

6 

0 

10 

6 

5 

0 

5 

0 

3 

6 

10 

6 

5 

0 

6 

0 

6 

0 

5 

0* 

2 

6 

10 

6 

5 

0* 

10 

0 

2 2 

0 

10 

0 . 

5 

0 

4 

0 

2 

6 

5 

0 

2 

6 

5 

0 


Lindley, G, (Barnsley) . 

Lunn, J. R. P. (Darlington).. 

Lyle, A. G. (Manchester) .. .. 

McDougall, D. (Greenock) .. 
Macintjnre, H. M. (Persia) .. 
McLennan, D. (Alloa) 

Mallinson, A. B. (Salford) .. 
MuUigan, P. (Monkstown, Co. Dublui) 
Naidu, S. R. M. (Bengal) 

Newell, A. V. (Liverpool) 

OXonnor, T. P. (Cork) 

Oliver, G. W. (Winnipeg) 

Ormerod, W. P. (Rugby) .. . ] 

Owen, J. E. (Rugby) 

Palmer, E. B. (Smethwick) .. ! i 

Palmer, E. W. (London) 

Patterson, W, H. (Jarrow-on-Tyne) 
Peattie, J. D. (Glasgow) 

Pepper, W. R. (Calcutta) 

Perry, F. R. (Manchester) ... 

PhiUips, A. S. (Shanghai) .. 
Pittaway, K. (Stafford) 

Focoek, C. J. D. (London) .. 

Pollock, H. (Manchester) 

Priest, C. W. A. (London) .. 
Ransome, E. L. (Cowes) 

Rawll, R. H. (Birmingham) .. 
Robinson, R, T. (Goodmayes) 

Ross, W. D. W. (Beckenham) 

RusseU, J. (Calcutta) 

Satchell, R. W. (Birmingham) 

Scragg, F, T. (Stoke-on-Trent) !! 
Shepherd, J. E. (Manchester) 

Siviour, S. R. (Mirfield) 

Sloan, N. E, W. (Rugby) 

Smart, J. H. (Shanghai) 

Smith, W. G, (Croydon) 

Smith, W. G. (Manchester) .. 

Smith, W. H. (Manchester) .. 
Sommerville, G. S. (Faversharfi) 
Stanton, A. L. (Bombay) .. ! ’ 

Taite, C. D. (Manchester) .. . [ 

Taylor, D. B. (London) 
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THE DESIGN OF ELECTRICAL PLANT, CONTROL GEAR AND CONNEC¬ 
TIONS FOR PROTECTION AGAINST SHOCK, FIRE AND FAULTS. 


By H. W. Clothier, Member. 


{Paper first received PZrd October, and in final form 31s< December, 1924; read before The iNSiiTunoN 2%nd January, 
^ ^befwe the North-Western Centre February, before the South Midland Centre ^ 

North-Eastern Centre 2Zrd February, before, the East Midland Sub-Centre lOih March, before the North 
Midi«and Centre %ith March, and before the Western Centre ^ih May, 1926.) 


Summary. 

The risks to life and plant are set out. 

Means for prevention are discussed in full and summarized 
in conclusion. 

In the main an endeavour has been made to collate present 
practice and to ventilate some demands which are in a nebu¬ 
lous stage, including the duplication of components, the 
changing over of live circuits, the meaning of the breaking- 
capacity rating of circuit breakers, the use and eflect of 
reactances, charging resistances and lightning arresters, and 
the best means of economy in switchgear without loss of 
safety. 

In reviewing known automatic protective systems, stress 
is laid upon the importance of what has been termed, for the 
purpose of this papet, tho ** stability ratio.** Stability takes 
precedence over sensitivity. In balanced automatic protec¬ 
tive systems stability is jeopardized by influences, some of 
which are of recent discovery and have been brought to light 
by new conditions of service. They include the unbalancing 
eflect of high-freqiuency oscillations on main lines, and inter¬ 
ference by induction between the main line and the pilot 
line. Suitable remedies are available and have been applied. 

The relation of interference with telephone service and 
fault occurrences on power supply systems provides a further 
argument in favour of good bonding, eartiling the neutral 
and the ^stantaneous isolation of faults. 

Mechanical consideration is given to the layout of switch- 
gear and to the terminal construction of plant, and a diagram¬ 
matic illustration of the alternator main, fleld, and neutral 
connections is shown. 


General Introduction. 

The objects of this paper are to record the practice 
01 enclosing conductors, and the automatic isolation of 
faults on electric power supply systems; also to consider 
the design from the point of view of protection to life 
and property, and the maintenance of continuity in the 
supply to the consumer. The dangers to " life ** include 
shocks and burns; to property,^' short-circuits and 
earth faults, explosion, fire or arcing to and from adja¬ 
cent plant, and overloading of plant; and to ** continuity 
of supply,** the failure of plant and connections and 
incorrect sequence in manual operation. 

To avoid shocks, it must be impossible for a person to 
make accidental contact with, or to come within arcing 
distance of, a live conductor. The ideal, then, is to 
enclose every conductor so as to render it inaccessible 
when aUve. Burns may be due to direct contact or to 
arcs and flames spreading out from conductors and 
plant on the occurrence of faults or on the faulty opera¬ 
tion of apparatus. This danger imposes the further 
condition for safety—^that the enclosure must prevent 
the protrusion of hot gases and flame, apd the discharge 

I.E.E. Journal, Vol. 63, No. 341, May 1 


of inflammable gases in quantities likely to explode 
when mixed with the air in the switch-room. 

The extent of the damage to plant and the consequent 
cost of repair increases with the duration of the fault 
disturbance. Prevention rests in perfecting the insula¬ 
tion, in using conductors and insulators of sufficient 
mechanical strength, and in placing them out of reach 
of any foreign substance. The duration of a fault may 
be restricted by their proper enclosure, which also will 
prevent the arc from spreading to adjacent plant. The 
prompt automatic isolation of the faulty section of plant 
by efi&cient discriminating systems of protection is a 
further essential in limiting the extent of injury'- to 
property. The explosion of gases and air within the 
building can best be avoided by suitable enclosure of 
the plant and switchgear. 

Continuity of supply to any locality can only be 
assured by having duplicate ways, preferably entering 
from different routes as in the case of a ring main. The 
proper enclosure reduces the number of faults, but w-hen 
they do occur they must be instantly isolated without 
interference with other sound parts or sections. The 
stability of sound parts during a heavy fault disturbance 
is of the utmost importance, and at the same time it is 
the most difficult feature to procure with certainty. It 
is frequently jeopardized by demands for relay settings 
which are unnecessarily sensitive and lower -tiian need 
be, considering the fault-current amplitude which 
would be a real menace to the continuity of supply. 

In order to reduce to a minimum the amount of work 
in operating supply systems of all sizes, the whole of 
the plant should be linked together in one common 
copper network. By this means tlie supply voltage to 
all consumers can be maintained throughout the day 
and night without a number of change-over and switching 
operations, and large fluctuations in load of an individual 
consumer are permissible without risk of undue variation 
in voltage to neighbouring consumers. 

The human errors have been minimized by interlock¬ 
ing made to ensure correct sequence of operation, and by 
optical indication to show at a glance the condition of 
plant and connections. As time goes on, the further 
development of automatic service will doubtless remove 
many pitfalls from the path of operating engineers. 
The term foolproof,'' sometimes applied to electrical 
apparatus, is a misnomer, " Mistake-proof " is better, 
because it must be remembered that rapid decisions 
have not infrequently to be made in the manual 
operation of plant, and also that even the most skilled 
persons are not always immune from error. 

For many years the author has advocated the consis- 

>26. 2^ 
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tent enclosure of all conductors and insulators, including 
a continuous earthed metal cover throughout the whole 
supply system, from the generators to the load, and 
even to lighting fittings. All portable plant and appli¬ 
ances should have the earth circuit to their metal covers 
continued through an earth conductor in the flexible 
cable. In the supply to coal-cutters and conveyers in 
mines it is a recommended practice * to surround the 
outer insulation of the flexible cable trailer **) with 
an earthed sheath of copper braiding in addition to the 
compulsory earth conductor, thus continuing the metal 
covering over flexible cables also. 

Carried to a logical conclusion, overhead lines would 
be replaced by underground cables, which are much to 
be preferred on all counts with one unfortunate exception, 
the initial cost. 

'' Metal-enclosed is a term used to denote that type 
of construction in which* all conductors and insulators 
are totally enclosed within an earthed metal casing. 



Fig. 1. 


Metal-clad has been used in preference to ironclad,*' 
armour-clad," etc., to denote that type of construction 
in which conductors and insulators, either singly or in 
groups, are contained and surrounded with metal covers 
fitting over them like a garment. Thus the several 
component parts are separately covered and are capable 
of assembly in relation to each other to form a self- 
supporting and self-contained unit. ' 

Construction. 

Metals used Joy enclosure .—^Metal for casings must 
be so disposed that the magnetic circuits are broken 
where necessary to avoid heating by hysteresis and eddy 
currents. Whilst non-magnetic metal is necessary to 
sheath a separate single-phase conductor, much larger 
currents may be carried by conductors sheathed in 
ordinary iron or steel if grouped so that the resultaht 
flux due to their respective magnetic fields is negligible. 
When conductors for very large currents are to be metal- 
clad, the grouping of the several conductors may not 
♦ Se6 Coal Mines Act, Ejtplanatory Memorandum' (X921), page 69. ‘ 


sufficiently reduce the resultant magnetic flux; in this 
case one or both sides of the sheathing must be made 
of non-magnetic material such as cast gunmetal, brass, 
or aluminium, according to its sit,nation .'on the gear. 
Non-magnetic cast iron has also been found to have the 
required reluctance and also has the further advantage 
of high resista.nce to eddy currents. Non-magnetic 
steel has bccasidnally been used in some places, particu¬ 
larly where cast iron is unsuitable owing to its liability 
to fracture. In other cases copper is used for its 
toughness, and advantage is taken of its high conduc¬ 
tivity which enables it to carry eddy currents without 
excessive heating. When the clearance betv’^een the 
conductors, insulation and enclosure is .not filled in, 
the gear is described as " air-insulated.** When it is 
filled in with compound it is described as " solid," and 
when with oil; " oil-immersed.** 

Metal covering on plant .—The principle of metal 
enclosure has been well evolved in the general designs 
of alternators, motors, and other rotating plant. Elec¬ 
trical design dictates that the windings shall be embedded 
in iron, and ordinary robustness that the projecting cuds 



Fig 2. 


of the windings shall be protected by a metal end-cover. 
The entire framework must also be earthed to avoid 
the risk of shock to attendants. More often than not, 
however, the proper finishing, off of the metal enclosure 
has been neglected at a most critical place, namely, 
at "the terminal ends of the stator windings. A solid 
type of metal-clad fitting, providing at the same time 
a sealing box for the cables, is appropriate at this 
position. A typical arrangement for a large alternator 
is shown in Fig. !.♦ 

Terminal and cable-sealing boxes for smaller machines 
and motors have been made in various shapes and sizes, 
^d are now a subject for standardization. One method 
is illustrated in Fig. 2. During the past tliree or four 
years power transformers have been subjected to the 
treatment of enclosure. The demand for economy 
has led to placing transformers out of doors, and this 
has been an extra inducement to the complete metal 
enclosure. A typical pair of sealing end-boxes is 
shown in Fig. 3. The insulation has required special 

♦ WoodhotJse and Melton, Yorkshire Electric Power Co. 
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research, owing to the high temperatures at which it is 
permissible to run this form of plant on load. Moreover, 
trabsformer oil is very penetrating. Joints between the 
insulator and the metal covering must hold the oil without 
any creepage, notwithstanding the contraction and 
expansion of different adjacent materials throughout a 
great range of temperatures varying from below freezing 
point to 95® C., not taking into account the extra heat 
due* to the sun's rays. The design shown includes a 
vitreous porcelain insulator with a surface ground per¬ 
fectly true and flat and clamped hard upon an oil- 
proof insertion washer over a machined metal seating. 
This has given better results than many others tried. 
The metal enclosure also has presented problems peculiar 
to this plant. Generally the conductors are enclosed 


therefore, the principal requisite for complete and 
continuous enclosure consists in a carefully designed 
connection between the ends of the metal-clad cable and 
the metal enclosure. Although often in British practice, 
and almost invariably in American and Continental 
I practice, the intervening switchgear conductors have 
I provided the biggest obstacle, extensive British 
■ development and experience in metal-enclosed switch- 
i gear are now available to surmount this. This mdudes 
“ cubicle,” “ truck,” and “ metal-clad " types. The two 
former have usually been “ air-insulated types, an 
the latter a " soM " type. The air-insulated types are 
a half-way measure; the sets of conductors are covered 
by a sheet-steel enclosure, but there is not the distinct 
inaccessibility of every conductor throughout its whole 



Fio. 3. 


separately, and for heavy currents must be non-magnetic. 
Conservator tanks maintain a slight pressure of oil 
from within, and it has not been so simple as might at 
first be thought to procure suitable castings to withstand 
tile specified oil pressure-test of 16 to 30 lb, per sq. in. 
without the slightest trace of oil leakage. 

The enclosure of reactances when immersed in oil 
can be dealt with in the same way as that of 
transformers. Reactances made in the form of coils of 
lead-covered cables embedded in a concrete block with 
ends fit'jg'hing in metal terminal boxes are truly metal- 
clad, and as such are very suitable for the purposes 
undCT consideration, as the apparatus is virtually a coil 
of metal-clad cable.* Throughout the layout of plant, 
♦ BearcJ. 


length tliat is afforded in the solid types, by the compound 
filling. 

Metal-clad switchgear consimction, —Metal-clad draw- 
out " switchgear has been made in three general classes 
as follows:— 

(1) Horizontal isolation (Fig, 4).* 

(2) Upward isolation (Fig. 5).’** 

(3) Downward isolation (Fig. 6).t 

Great care has been exercised in the design in order to 
prevent accidental access to the live socket contacts 
witliin the isolating orifice. In the horizontal draw-out 
gear they are deeply recessed and the orifice is auto¬ 
matically closed over with a door when the switch is 
withdrawn. Similar locldng-ofi doors* are apjjLicable to 
• The author. t Brdsinc, Hqap* 
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the upward isolation draw-out t3rpes, but in addition 
tnis plane for withdrawal permits the oil immersion of 
tae isolating socket contacts.* 

Duplication of components .—^In the general layout of 
switchgear the amount of duplication should be 



Fig. 4.f 

govern^ by the liability to breakdown. Given absolute 
i^umty from breakdown, the simplest aSi^mS? 

sho.!n control, protection and inefrcation 

shq^d be adopted. The metal-clad enclosure of S 
conductors certainly does reduce the possible extent of 
switchgear breakdowns, thanks to its unit f^S to 



FIg. 5. 


localize the distur¬ 
bance and prevents the spread of arcing. It is better 
to in^ease the initial expenditL in obtLing 
quaUty and sfrength of parts, thus tending to makf 


for imt^ce, one good circuit breaker is better than two 
of infenor quality—it engages less attention and main¬ 
tenance, to say nothing of the saving in initial outlay 
for housing. 

The draw-out feature has been shown to be a good 
substitute for the duplication of circuit breakers, in so 
fax as it furnish^ a ready means of inspection in safety 
and of the substitution of one circuit breaker for another 
at short notice. 

On a few occasions during the life of the plant the 
duphcation of busbars may be adyantageous. For 
examplet. ^ 

(1) When running up a new or doubtful machine on 

an independent circuit or test-circuit. 

(2) When making extensions one bar may be made 

dead at a time. 

(3) For cleaning purposes. 

(4) In case of breakdown of switchgear. 



metal-clad form is to eliminate 
Items (3) and (4), The complete enclosure of all insn-> 
ktors d^ save cleamng operations, and the chances 
of breakdown are certainly remote if due care is taken 

m ae selection of gear suitable for the most severe 
conditions of service. ocvcre 

Du^icate busbars and changing circuits .—^The chanae- 
ovOT from one circuit to another is always more or iL 
risty, accordmg to circumstances of the load and the 

serious accidents and 
shut-dowM have occurred due to the faulty opening of 
busbax sd^tor switches whilst carrying load on o|en- 
^esmtchgear. One large power supply station was- 
shut down three frm® m one year on this account, and 
so, from the earhest metaJ-clad power station switch- 
geM, care was taken to remove this danger by suitable 
designs and mterlocking, making it impossible to change 

a • Stepney and.Neepsend. 
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circuits over when on load. To accomplish this the 
hood of the circuit breaker was fitted with two sets of 
plug sockets, corresponding to the top and bottom 
busbars, and one set of plugs. Access to change-over 
plugs can only be obtained by first withdrawing the 
circuit breaker carriage (see Figs. 8 and 14). The change¬ 
over fittings are thus safe, and it is impossible to change 
over when load is passing through the circuit. A device 
either hand-operated or automatic, interlocked with 
synchronizing connections and auxiliary switches, gives 



Fig. 7. 


direct and remote, " top or bottom busbar 
indication. 

To be able to make the change-over without having 
first to open the circuit on the oil circuit breaker has 
recently been claimed to be an advantage, and several 
methods have been investigated. One proposal * con¬ 
sists of enlarging the hood (see Fig. 9) and withdrawing 
the plugs from the front of the switch, interlocks being 
provided that will allow both sets of plugs to be in 
at the same time when the bars are in parallel. Care 

* Chxistianson. 


must be taken that no portion of the live plug is acces¬ 
sible during the process of withdrawal. Another plan 
involves the use of two circuit breakers suitably inter¬ 
locked (Fig. 10). A modification of this practice is to 
put the two circuit breakers into one double-contact 
circuit breaker (Fig. 11).* Another proposal is to 
substitute for the plugs a set of change-over switches 
immersed in oil or a semi-fluid insulating compound 
within the hoods on the circuit breaker (Fig. 12), 

The interlock must in any case be so arranged tliat 


REMOVABLE PLUG 



electrical contact between the busbars is never made 
on the change-over device unless the busbars are in 
synclironism. That is to say, the coupling switch 
joining the busbars must be closed and cannot be opened 
until the change-over has been completed. Sometimes 
a coupling switch must be installed only for this purpose, 
involving considerable extra expense. To open the 

REMOVABLE PLUG—^ 



circuit before changing over is the safe way and is more 
simple in design. The need for changing over whilst 
the circuit is alive is often more imaginary than real. 
It is necessary in either case to arrange the circuits on 
the system so that any one of them can be made dead 
without interfering with the continuity of supply. For 
example, a generator can always be disconnected for 
a short time when others are running, and the layout 

* Ferguson and Pailin. 
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of feeders also, if made with parallel feeders or ring 
mains, provides for the disconnection of any feeder at 
short notice. If onlj^’ for the proper maintenance of 
switchgear these facilities are required, one reason being 
that circuit breakers can be periodically tried to ensure 
that they trip correctly on the occurrence of faults. 
Moreover, it must be so in practice because at any time 
a generator or feeder might be cut out automatically 
—an incident which should not interrupt supply. 
Rapid and hast}?- changing-over during times of emer- 



fuU load is below 100 000 kW, or in which the pressme 
is below 40 000—60 000 volts. The practice in this 
respect is somewhat analogous to the respective use of 
3-core or single-core cables. 

The likelihood of an internal fault is remote, but 
should one occur the arc cannot be long or sustained, 
because it is confined to the earthed metal in its own 



gency inevitably leads to errors and consequent inter¬ 
ruption of supply. In one type of upward isolation 
^aw-out gear, oil-immersed busbar selector switches are 
included in the fixed portion (Fig. 7), There is less 
difficulty where selector switches are used, as in this 
form of gear, in changing over on the live circuit, but 
it is still best, in order to simplify the design of interlocks 
and to limit the operating functions, to make it impossible 
to move these selector switches whilst the circuit is 
closed. 

Separation of phases .—The separate phase enclosure 



in metal-clad switchgear is, as,a general rule, only 
adopted where circumstances of heavy duty and com- 
paratively high voltage occur or combine to make it 
advisable. These conditions certainly exist in the case 
of capital stations and in extra-high-voltage networks 
of large kVA; capacity, but present experience indicates 
that, the multi-phase enclosure of busbars, instrument 
transformers and connections sealed in compound is 
quite sufficient for power stations in which the aggregate 


close vicinity. It is not so with the cellular switchgear 
in which there are open conductors separated from 
earth by large air spaces. In some of the largest stations 
in the world tlie phase separation has been carried out 
to the extent of providing what is virtually a separate 
building for each phase. Experience has shown that 
even with this extreme precaution a fault can spread 
from one phase to another and—even more serious 
from the point of view of continuity of supply—^from 
one circuit to another. At least one incident is on 
record where the entire switchgear was destroyed 



irretoevably by fire caused and sustained by an arc 
having a resistance too high to cut out the generators, 
and there axe many cases where arcs have spread over 
two or more panels, necessitating a complete shut-down 
of the power station. 

An example of complete phase separation with metal- 
clad switchgear is shown in Fig, 7.* The busbar 

.na 
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chamber is dmded into three compartments, earthed 
metal surrounding each phase. The isolating switches, 
circuit breaker, current transformer and single-phase 
potential transformer, and all connections down to the 
cable dividing-box, are in separate phase enclosures. 
The principle may be extended by using single cables 
for generator and transformer leads. 

Busbars, —^The simpler the busbar system the better. 
The only connections to them should be those which 
pass through the main oil circuit breakers which, when 
drawn out entirely, isolate all other conductors in the 
panel from the busbars. The design allows for filling 
in all busbar sections at the factory, and afterwards a 
pressure test of three times the line voltage between 
phases and between all phases in turn and earth is 
carried out. Unfortunately, the compound filling is a 
poor conductor of heat and, therefore, current densities 
must be low, particularly so at the heavy current 
ratings with the ordinary form of construction. Fig. 13 
is an approximate curve for the safe rating, and shows 
the relation of current rating to current density. 

The magnetic forces which set up mechamcal stresses 
between conductors during the passage of heavy 
** through ** fault currents, present no difficulty to the 
metal enclosure and compound filling. On the contrary, 
cell gear with its long open-type conductors must have 
insulating supports additional to those required for 
natural construction and connections. These are not 
required on solid metal-clad gear, because not only are 
the centres and general dimensions more compact and 
the conductors shorter, but the compound in which the 
conductors are embedded acts as a solid buffer to move¬ 
ment under impulsive stress. 

Circuit Breakers. 

Ctrcuii breaker enclosure and breaking capacity.— 
enclosure of the circuit breaker is a large factor in 
determining the breaking capacity. The majority of 
circuit-breaking failures have been the result of weakness 
in the tanks and top plates. The predominant feature is 
the relation of the arc energy to the impulse pressure on 
the walls, top and bottom of the oil-switch enclosure. 

The impulse pressure on the sides of the tank varies 
roughly as the inverse square of the distance from the 
arc, and this factor enters into the determination of 
the most economic and effective dimensions of the tank, 
the minimum dimensions being controlled by the 
clearances necessary for the working voltage. In the 
case of metal-clad gear in ordinary industrial service 
the circuit breaker has been more economically and 
conveniently arranged in one tank than in three separate 
tanks. Metal divisions inside the tank surrounding 
three sides of the sparking contapts, for a breaking 
capacity above lOOOOOkVA, eliminate . the risks of 
arcing between phaises, in addition to strengthening 
the tank (Fig^. 16). 

Vent pipes can never be large enough to give adequate 
relief to local pressures established by the arc witlun 
the tank. Moreover, open vents throw large quantities 
of oil. On the other hand, as some outlet is necessary 
to allow for the exhaust of the gases and smoke which 
are products of the arc, the practice*of a baffled vent 
has been evolved. To prevent fouling the atmosphere 


in the switch-room it is best to conduct the vent pipes 
to the outside of the building. An open area in the 
centre of the building (see Fig. 20) is useful for this 
purpose.* 

Reduction of arc energy. —^Various methods have been 
advanced to limit the amount of arc energy and the 
resultant stress upon the enclosure. The most common 
has been to speed up all movements after the relays have 
set them in operation, on the principle that the duration 
of the arc must be reduced to a minimum. A reasonably 
high velocity after the separation of the contacts at the 
first zero point on the current wave, with a short break, 
has been aimed at in preference to a long break. 

Another method, which incidentally also increases the 
velocity of the break, is to employ a number of breaks 
in series, but any increase beyond two will lead to 
complication in design and consequent weakness or 
increased expense to maintain the same standard of 
insulation in view of the additional parts. 

A further method has attracted much attention. The 
arcing contacts are enclosed in a steel cylinder called 
an ** explosion pot.** It has been claimed that this 
design takes advantage of the explosion to speed up the 
break, and, as the worst of the impulse pressure is taken 
witliin the pot, the walls of the circuit brealier need only 
be strong enough to contain the oil.t Whilst this may 
be an excellent means of strengthening existing weak 
circuit breakers, it does not allow for accidents in the 
working of the explosion pot. At some time or other 
the arc or gas explosion may occur outside the pot, in 
which event the ultimate safeguard is the strong external 
enclosure. Then the solution will be more expensive 
and, in the long run, really no more efficient than a 
circuit breaker with rational arcing contacts. 

The simplest construction of current-carrying and 
arcing contacts includes one or, at the most, two breaks, 
spring loading for increasing the natural acceleration 
due to gravity, and a large volume of oil. Incident^ly 
the oil volume provides ample clearance for insulation, 
particularly along the insulating surfaces between tlie 
contacts and the top plate, and a good head of oil above 
the point of separation of the arcing contacts. The 
whole is enclosed in boiler-plate tanks and a steel top 
plate is attached, together with correspondingly strong 
studs or bolts and flameproof flanges. This construction 
has been applied to reduce the arc energy to an economic 
minimum and to provide sufficient strength of enclosure 
to withstand the impulse pressure arising therefrom. 

A typical design of circuit breaker embodying the 
features advocated is shown in Figs. 14 and 15. This has 
been used on generating plant of 60 000 kW with 10 per 
cent reactance. The tank is capable of withstanding 
without permanent distortion a sustained hydraulic 
pressure test of 350 lb. per sq. in., which corresponds 
to an impulse pressure possibly 10 times greater. 

Rated breaking capacity of circuit breakers, —Some 
advance has been made in recent years on an expression 
of the breaking capacity. The B.E.S.A. definition ! 

is ;_ ** The breaking capacity of an oil immersed circuit 

breaker is the maximum kVA which the circuit 

t Aalso Bernard Price: Transactioiis of tk§ Ftrst 

World Potver CMferonee, 1924. • 

t B.S.S. No. lie— 1928. 
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breaker will break, under j^escaibed conditions, at 
stated intervals, a specified number of times. The 
value of the maximum kVA is the product of the 
rated working voltage in kilovolts, and the actual 
current at the time of separation of the contacts, multi¬ 
plied by 1, 1*73 or 2 for single-phase, three-phase, or 
two-phase S 3 ^tems respectively." The specification 
explains fully that the current on a severe short-circuit 
will reach temporarily a high value but that “ due 


much room for speculation as to what the kVA rating 
of any circuit breaker really means in relation to satis¬ 
factory service on a specific size of plant. Is the 
10 000-kVA power station to have 60 000-kVA or 
200 000-kVA circuit breakers ? 

Performances of circuit breakers have had in the 
main to be gauged from experiences in places where 
they have been overloaded under short-circuit conditions. 
In such situations comparatively small circuit breakers 




Fig. 14 (Section). 

have satisfactorily cleared faults of much» larger value 
than that for which they were origina.lly intended, but 
when fixing commercial ratings due margin for safety 
had to be made to cover the unfavourable hazards 
also met with in practice. For example, a Switch of 
the dimensions indicated in Fig. 16 has served at a 
colliery, which made rapid electrical developments, 
in places where the short-circuit was not less than 60 000 
kVA. If commercial ratings were based solely upon such 


account" should be taken of reduction in the current 
to be broken as affected by the time characteristic of 
he circuit breaker and relays. As an example, with 
this easement a generator circuit breaker may be rated 
at six times the total kVA load of the generator (10 per 
cent reactance on short-circuit), although it is admitted 
mat under a combination of the worst conditions on 
the sam§ circuit as much as 20 times the current may 
have to be broken. Between these two values there is 

















CONNECTIONS FOR PROTECTION AGAINST SHOCK, FIRE AND FAULTS. 433 


experiences, the manufacturer, acting upon the B.E.S.A. 
specification, might advance this circuit breaker for 
use on plant of an aggregate full-load capacity and 
10 per cent internal reactance of 10 000 kVA. 

By way of comparison the corresponding sizes of 
actual commercial ratings in use to-day are indicated 
in Pig. 17. It will be seen that these larger circuit 
breakers range from 25 000 to 150 000 kVA breaking 
capacity. 

According to whether the plant is to be one-sixth of 



Fig. 16 (Plan). 

this (as recommended by the B.E.S.A.) or one-tenth (as 
preferred by the author), these circuit breakers would 
be used on i^lant aggregating 4 166 to 26 000 kVA or 
2 500 to 15 000 kVA respectively. 

The introduction of reactance, whilst reducing the 
current and therefore the destructive mechanical forces 
on all parts of the system, does not necessarily reduce 
the arc energy with which the circuit breakers have to 


, Scale* 

1 cubic ft. 

o 

Fig. 16. 

deal in clearing short-circuits from the system. In fact, 
in some cases the stress experienced on the circuit 
breaker has been actually greater due to the reactance, 
notwithstanding the reduced current value. 

It«*has also to be borne in mind that the sparking 
contacts may separate at any part of the fault transient. 
For example, if the fault (it may be a; high-resistance 


fault or a fault to earth culminating in a dead short- 
circuit) starts at A (Fig. 18), the sparking contacts may 
separate at any point from B onwards. At the worst. 



Fig. 17. 


in rare cases it might be at C, when the breaking capacity 
is the maximum, viz, 20 times full load. If it is an 
instantaneous short-circuit the contacts would separate 



Fig. 18 .— Curve illustrating maximum current that circuit 
breaker should clear* 

in most cases, about D, where the kVA oh the B.E.S.A. 
basis would be six times full load. ^ 

In any case the circuit breaker must be designed to 
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withstand the mechanical forces and impulses given by 
the current at C. It should also break circuit at this 
stage at least without danger to persons or neighbouring 
plant, although it might in such exceptional circum¬ 
stances require some attention before being put into 
service again. Moreover, the specification recommends 
that as the current to be broken '' is limited by the 
reactances and resistances in circuit," the rating of the 
circuit breaker may be reduced in proportion. This 
seems to be in conflict with the experience that in 
circuits carrying equal current additional reactance 
increases the arc energy, and so at present the breaking 
capacity may not truly represent the work that the 
circuit breaker has to do in breaking the circuit. 

Of course the way to rate any article is to base 
its performance upon some unalterable standard. It 
would therefore be a better guide, in stating the 
breaking-capacity rating of a switch, to qualify it by 
stating the basis in terms of generating-plant output 
and reactance on short-circuit. 


biirning of contacts, or other forms of permanent 
injury." Any circuit breaker should be capable of 
carr^g the maximum " through " current possible in 
its situation on the system for at least 1 second in order 
to provide a margin for safety in the duration of a 
through short-circuit for | second. 

For power station service a high " tlirough " rating 
current is required of not less than 100 times the normal 
current-rating of the generator switchgear panels, 
assuming not more than 10 generators of 10 per cent 
reactance. At such ratings the conductors must all be 
so arranged that the magnetic forces improve the 
cuixent-carrying capacity of the contact surfaces. This 
rating has sometimes been called the " thermal rating," 
but as there are other deforming causes than temperature, 
for instance strains on conductors due to magnetic 
causes, the thermal characteristic is not the only one 
and the term " through " rating would appear to be 
more expressive. 

Charging resistances on circuit breaker contacts,— 



Fig. 19. 

Shaded portion shows encroqichment on safety factor; 10 000-kVA plant assumed. 


A suggested compromise is to rate circuit breakers as 
being perfectly efidcient at the maximum symmetrical 
current, viz. 10 times the aggregate full load, but 
admitting encroachment upon the design safety-factor at 
the exceptional asymmetrical current up to 20 times full 
load (see Fig. 19). If this were the understanding 
between the buyer and the maker it would only remain, 
in selecting the required size of breaker, to make aUow- 
ance for any deviations from the standard circuit in 
inductance, resistance and capacitance, appertaining to 
the position and circumstances of the circuit on the 
system. A generator circuit with more inductance 
than the 10 per cent internal reactance on short-circuit 
may require greater breaking capacity, and a distant 
non-inductive circuit less than the standard, for equal 
short-circuit currents. The exact adjustment is a 
matter for experience and research. 

" Through " rating of a circuit breaker,— through " 
ratmg of a circuit breaker may be defined as " the 
maximum current that the circuit breaker will carry 
during *^0 transition period of a fault current with¬ 
out deformation of any parts of the circuit breaker. 


Th^e is a considerable element of doubt as to the 
utility of charging resistances contained within circuit 
breakers and carried on the moving contact for the 
purpose of limiting the current-rush on switching-in 
power transfonuCTs and motor armatures. It is now 
generally recognized that their use for switching-in 
cables is unnecessary. All plant should be capable of 
withstanding the stress of switching without their use, 
as the stresses to which the plant may be subject are 
not always controlled by the charging resistance, since 
there axe conditions of charge which occur in circum¬ 
stances other than the closing of the individual circuits— 
for example, the re-establishment of the supply after a 
momentary cessation occurring during the clearance of 
a fault on another part of the system. Certainly the 
circuit breaker is greatly simplified by the elimination 
of the charging resistance. 


Layout. 

Layout of busbars,—Th& simple layout for power 
station service, shown in Fig. 20, provides for parallel 




436 


CONNECTIONS FOR PROTECTION AGAINST SHOCK, FIRE AND FAULTS. 


running in sections, any of which may be completely 
isolated from or coupled to a common duplicate busbar. 
The dotted lines represent the outline of the switch- 
house building. The inside, open area provides light 
and an outlet for the vent pipes. 

Reactance, if necessary, may be con¬ 
nected either in star fashion (Fig. 21) or in parallel with 
the busbar section switches (Fig. 22). There is but 
little to choose between these two systems from the 
point of view of the cost of a reactance for equal service. 
These diagrams lead one to suggest that on an all-solid 
system where the duplicate busbar is rarely, if ever, 
used, it might be made to serve the dual purpose of 
“hospital** busbar and reactance tie busbar, thus saving 


act without artificial inductance, that is, other than 
that inherent in the design of the cables, transformers 
and generators. The economy in being able to lay out 
and run the network without having to think when, or 
when not, to put in reactances is an item which can be 
balanced against the possible extra initial cost of the 
switchgear. Moreover, as stated above, inductance in 
the fault circuit, althougli it reduces the fault current 
and the mechanical forces due to such currents, does 
not necessarily reduce to the same degree the energy 
dissipated in the arc and consequently the performance 
of tlie circuit breaker. This must not be overlooked 
when contemplating the use of reactances for the sole 
purpose of restricting the arc energy in circuit breakers 



the initial and upkeep expense of the separate reactance 
plug-gear and busbar. 

The use of a reactance is apt to complicate the layout 
of the gear and the operating conditions. For example, 
the effect of reactance between busbar sections may be 
nullified by an interconnection on the network of a ring 
jns dry in parallel with the reactance. 

Much care must be exercised in determining the 
values and location of reactances, otherwise the resultant 
complication due to voltage variation may be trouble¬ 
some from an operating standpoint and militate against 
some of the advantages to be derived from the complete 
parallel running of ttie network on a large system. 

Economy in layout —It is preferable to employ, 
throughout the system, circuit breakers competent to 


when operating under short-circuit conditions. Single- 
phase faults to earth might be reduced to comparatively 
low values by tile insertion of resistances between the 
neutral point of the generators and earth, but even in 
this case there is the risk of another earth fault occumng 
simultaneously on a different phase* Thi^ condition 
would be nearly as severe on the circuit breakers as an 
unlimited fault to earth. 

Other Components. 

Current transformers.^Cotisider^iions of shock risk 
must include the possibility of high secondary volta^ 
due to an accidental opening of the secondary circuit. 
This condition also carries igith it the risk of breakdown 
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due to excessive temperature caused by hysteresis in varies inversely with the current, the difference might 
the iron core. Both tliese risks can be reduced, if not be that between discomfort and danger when touching 
altogether eliminated, by suitable design of electrical with the hand the terminal of a relay at such a time 
characteristics. The impressed electromotive force that the secondary is open-circuited and a large primary 
should be strictly curtailed by reducing the number of *' through ” current is flowing. Delicate fault-settings 
primary turns to a minimum. The single-turn (bar of relays are sometimes attempted by the use of large 



Fio. 22. 


type) primary has much in its favour, and, whenever current transformers, whereas coarser settings would 

possible, instruments should be designed to suit. In give almost equivalent protection to the system with 

some cases it pays to sacrifice over-exacting accuracy much greater security. The single-turn primary for 

to safety ^d convenience in maintenance and operation. . current-transformer working with instruments on supply 
A full-lo^ secondary current of 5 amperes is preferable S 3 rstems of .20 000 volts is very desirable. At 33 000 

to one of 1 ampere becausg, as the secondary voltage volts and over it ^ more so, because a primary winding 
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of two turns or more increases the dimensions and 
manufacturing difficulties altogether out of proportion 
to the difference in the number of turns. For instance, 
the single-turn transformer may have the primary in 
the form of a lead-covered cable or a copper bar with 
a solid insulator threaded through its core, whereas the 
transformer with two turns must have one convolution 
over the core. Unless a large difference is allowed in 
the cost or in the space occupied, the choice in insulation 
lies between a metal-clad conductor or a sound vitreous 
body like a straight porcelain bush and a flexible fibrous 
material moulded or wound on cloth or paper; tliis 
latter alternative must be very well done to be anything 
like so durable. 

Insulation durdbilUy. —^The author has found security 
in a high standard of pressure tests on individual parts 
and assembled gear. The failure of insulation on 
switchgear in service is so serious that even at an 
increased initial cost it is economical in the long run 
to have a large margin between tlie normal voltage and 
the breakdown voltage. It is, however, also essential 
that the test pressure shall be well below the brealcdown 
voltage in order to safeguard against the possibility of 
over-straining the insulation in the process of pressure 


Fig. 23. 

n 

testing. Up to 20 000 volts a standard of design for each 
insulator to break down by flash-over at not less than 
4 to 6, and by puncture at not less than 6 to 7, times 
tlie line voltage at normal frequency in a “type 
test” of 1 minute's duration, at its maximum working 
temperature, has allowed commercial pressure tests on 
assembled gear of 3 times the line voltage between 
phases and phases to earth for 1 minute. At voltages 
higher than 20 000, where on metal-clad gear the use of 
condenser-tjqie balcelized paper is practised, the design 
should be made for the same standard of brealcdown 
pressure, but, to reduce the risk of over-stressing, the 
pressure test might well be reduced by 10 per cent. For 
example, a good insulation on 33 000 volts is one that 
would break down by flash-over at not less than 120 000 
volts, and puncture at not less than 180 000 volts. This 
should sustain no permanent injury when tested to 
90 OOO volts. 

It must be borne in mind that the high-pressure test 
is not the only criterion. It is a measure of the initial 
strength but not necessarily a measure of its vitality. 
The latter must be judged by the result not only of the 
electrical but,' in addition, the mechanical, microscopic 
and physical examination on “ type tests.” 


Excess-pressure dischargers. —It is sometimes difficult 
to understand the need for the very expensive lightning 
arresters which are installed in other countries, as com¬ 
pared with the experience in this country. It is true 
that higher voltages are employed, but the insulation 
should be better able to withstand the excess-voltage 
conditions. It is probable that lightning has been made 
a scapegoat to explain away many failures which in 
reality have been due to inferior insulation at the start. 

A high-frequency surge of excess voltage may be dis¬ 
posed of broadly under two methods: (1) to absorb it 
upon the line itself or (2) to allow it to discharge to 
earth. A direct lightning stroke must flash over the 
nearest insulators, but surges from atmospheric causes 
or by induction from lightning effects or switching 
operations are within the scope of protection. Where 
cables can be laid in series with the overhead lines, the 
result is achieved without any additional protective 



appliance. The excess voltage is absorbed in thp 
capacity of the cable. This method, together with a 
high standard of insulation, satisfies the conditions 
prevailing in this country. The discharge method first 
involves the combination of gaps over which the discharge 
starts, and then devices to seal up the path and quen^ 
the discharge, or in some way prevent the following on 
of the power current. In one design on metal-clad 
lines the discharge is made over a number of narrow 
air-gaps formed between flat surfaces in a pile of cdpper 
discs, the flow of power current being limited by a resis¬ 
tance immersed in oil. The whole device is moimted in 
a metal-clad carriage which is plugged into the switch- 
ge*ar orifice (Fig. 23). • 

Safety to men working on the line. —The method of 
earthing at the end of a line on which men are going 
to work is indeed a matter of life and death not only to 
the men on the line but also to the operator who has to 
make the e'arthing connection. To him there is the 
risk of a conductor being “ alive ” by mischance. The 
wrong panel may be taken or a chance connection 
another way round forgotten. The flicking of a high- 
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tension conductor with a cable, in order to ascertain 
if it is dead, is on a par with pointing pistols or looldng 
for a gas leakage with a naked light; and yet in many 
switchgears .it is the only means available. Without 
exception the final closing of the earth connection should 
be done within an oil-filled enclosure, for example on 
the contact of a circuit breaker. Then if any mistake 
is made it will be no more serious than closing on a 
fault. Further, this may be limited to a single-phase 
fault to earth if a trial is made on one phase only at first. 
Fig. 24 shows an assembly of plug contacts, terminals, 
and earthing cable, which serves this object. In another 
design a hand-operated earthing contact is included as 
a component in the oil-immersed isolating switch; this 
is shown in Fig, 25. This figure also shows a convenient 
means of earthing automatically and simultaneously 
with the lowering of the switch tank.* This is vital 
when the. lowering of a tank might otherwise expose a 
live conductor, or when there is any risk of the exposed 
conductor subsequently becoming dangerous to handle, 


limited to switchgear. For example, electric signalling 
and interlocking on railway tracks, if universally applied, 
might be the means of avoiding a w-astage of life on a 
scale which must be very large compared with the 
number of mishaps on switchgear, for instance. 

Economizing switchgear, —The cutting down of strength 
and qualities of designs and materials on important 
switchgear is doubtful economy. The cuts should be 
restricted to reducing the required number of functions, 
appliances, and constructional features. For example, 
an oil switch-fuse * combined with a transformer to 
form a small outdoor substation as shown in Fig. 27 
takes the place of switchgear panels, transformer and 
connections in a building. 

The single-switch substation scheme f reduces the 
number of switch panels required in the ring main 
(Fig. 28). At the same time it provides for the auto¬ 
matic isolation of a faulty section in the ring without 
discontinuing the supply to the other con.sumer. In 
this case the cable and power transformer are linked 



Section on AB, 



H hgtnd-operated earthing contacts. 

T e= tank-operated automatic earthing contacts. 


for example, by. electrostatic leakage across the oil 
between the contacts of an opened oil switch, by the 
inadvertent closing of another switch or by other 
mischance. 

Indicating and interlocking, —^Direct indication of 
“ on,*' off," " s-ynchronizing/* etc., placed on detail 
apparatus in a bold style, in a conspicuous position, and 
indication by coloured lamps serve a very useful purpose 
in the elimination of operating mistakes. A more 
complete msthodi which has been adopted in several 
recent power stations. iS' shown in Fig. 26, where discs 
give* a semaphore type of indication on the control 
board. These discs are planned with the' main connec¬ 
tions like a single-line diagram, and are operated simul¬ 
taneously with the switchgear conuponents which they 
represent, by means of small electromagnets mounted 
on the back odf the panel. The indicators are controlled 
by iBiechanical movemeBits’ assacmted with interlocking 
devices to ensure a proper sequence of operation to 
avoid danger. The scope of this section is by no xneans 

’ * F. Coates and Btirrey, 


together in protection under the voltage-balance S 3 ^tem 
by means of a " tee." The fuse arrangement acts also 
as a hand isolating-switch. 

Fault Isolation. 

Discriminating protective systems, —^The continuity of 
cannot be maintained during fault conditions 
unless devices are incorporated to pick out the faulty 
section or sections and to leave the sound sections 
undisturbed. In this country the problems of discrimi¬ 
nating protection have bad constant attention, ever 
since the time when Leonard Andrews criticized the 
universal use of fuses. This development can be traced 
in the papers and discussions given in the Bibliography 
at the end of the paper. 

^ Stability ratio, —^The criterion of quality of any protec¬ 
tive system is its stability ratio, i.e. the ratio between 
the nraxtnium "straight through" current and the 
minimum fault-current setting that can be procured 

♦ Gregory (Electrical Improvements, Ltd.).. 
t Beard (Electrical Improvements, Ltd.;. 
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without any, risk of inadvertent tripping after taking 
all the disturbing iiifluences into consideration. 

The growth of the fault current on the occurrence of 
a short-circuit is extremely rapid, and it is not possible 
to prevent it from reaching its maximum current value 
by making the protection sensitive. Even if^it were 
practicable for the rela^^ to have no electrical and mechan¬ 
ical inertia, there is still the comparatively long interval, 
say three or four periods, during which the circuit 
breaker is accomplishing its train of movements. It is 
therefore wrong to rely upon sensitiveness to limit the 
maxiinuin current stress on the system. 

What matters most is the acceleration of all moving 
parts right up to the separation of the contacts of the 
circuit breaker, the aim being to reduce to a minimum 
the period during which the fault is allowed to damage 
the system. It is. not safe to depend upoii limiting the 
amount of fault current by inserting resistance between 
the neutral point and earth. This can only help on 
the occurrence of a fault to earth, and no amount of | 
scheming with protective gear will prevent the possi¬ 
bility of simultaneous earth faults occurring on different 



‘ Fig. 26. 


phases, maybe on different parts of the system. Every 
aspect, including relay settings, must therefore be 
subordinate to the maximum current possible on short- 
circuit between phases. ’ In this light the value of the 
resistance connecting the neutral to earth is a matter 
for discussion. Certainly the stability of protective 
gear should not be sacrificed for the sake of ultra¬ 
sensitive relay settings, the need for which is solely 
due to tlie desire to cut down the amount of the earthing 
resistance. Rather save the entire cost of the earthing 
resistance and secure solidity by connecting the neutr^ 
direct to earth. For feeder protection this would permit 
the use of robust relays set like overload protection at 
2-3 times full-load current, according to the size and 
position of the feeder. In the case of generator protec¬ 
tion in addition, the relation between the fault setting 
and' the neutral earthing resistance also determines 
wliat proportion of. the. alternator, winding is Cowed 
by t^e protection against single eaxtb faults. ^ The 


resistance may reduce, to a value below that at which 
the relay will function, the amount of current flo-wing 
into the fault in those parts, of the winding nearest to 
the neutral point. If this were to happen, the fault 
would continue without disturbance until it developed 
into something more serious, or until it was observed 



. Fig. 27. . 

and shut down by hand. As an example, in a power 
Station wth generators of 10 per cent internal reactance, 
given robust relays set to brip. at a fault current of 
60 per cent of the full-load current, an earthing resis¬ 
tance which will, allow twice the full-load current of the 
largest, single, generator to flow, and a stability ratio 

of not less than 40: J, there will be no inadvertent 

♦ 
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tripping on any possible amount of " straight through *' 
w ^ L stator winding wiU be covered 

phases, and 76 per cent of it for 
than.this is required, 
^ e relays must be made more sensitive or the 
ohnuc resistance must be reduced. The former may 
De the more economical if the resistance must be 
re ame , but the latter is better when considering 
cornprehensivdy the protection of the whole supply 
if earned out to the full by the elimination 
Of the resistance altogether, it would also be the most 
econonucal. 

A robust relay such as is used in Merz-Price and split- 
conductor protection is one which has a simply con¬ 
structed electromagnet to lift an armature, thus mairing 
contect and releasing a block contact which falls and 
serves the dual purpose of an additional circuit-closing 
contact ^d of an indication that the relay has operated, 
to prance a robust relay of this description may be 

wL '^oit-ampere. A relay of this 

kind should not be subject to inadvertent tripping by 


going out. Tto does not apply, however, in the r as? 
of oscillations in a cable carrying *' straight through '* 
current when the cable, acting as a condenser distributed 
throughout its length, is in series with heavy arcing. 
The cable, discharging over its whole leng^th towards 
one end, passes more current at that end and sets up 
in the pUot-wire circuit an induced high-frequency 
^ansient which has proved to be sufficient to cause 
inadvertent tripping on long lines used for 33 000-volt 
and 66 000-volt transmission. 

The influence on the pilot cable of direct induction 
between the cables themselves is unusual, but it has 
been encountered upon the same 66 000-volt system, so 
much so as to be the suspected cause of breakdown of 
the insulation of the pilot cable. This occurred on a 
single-cable three-phase system. Fortunately there are 
remedies for all of the unbalancing influences so far 
encountered, and these will be referred to in the following 
brief account of some of the forms of protection now in 
vogue. 

Two-core pilot —^This system of Merz-Price protection 



Fig. 28. 



any ordinary mechanical shock. Perhaps one of the 
best practical tests is to fix the relay to the base-plate 
of a turbine. If the vibration (which is the strongest 
form met with in a power station) does not trip it it 
may be regarded as sufficiently immune from inadvertent 
mechanical tripping. 

In contrast with the robust relay, sensitive relays 
have been used which can be set to trip at about 0*026 
volt-ampere. Thm foUows the line of a deUcate instru¬ 
ment with a moving element rotating on pivots.* 

Unbalancing Sensitive settings are jeopar¬ 

dized by several unbalancing influences. The capa!dty 
current in the pilot wire is one tiiat is well known. 
Inaccuracies in the characteristics of transformers used 
in pairs "bucking'’ (one "bucking" against the other) 
inay sometimes be due to careless assembly, but in 
^dition, phase-angle errors arise due to variation in 
the permeabiHty of different batches of iron, and these 
errors cannot be entirely wiped out by mechanical skill 
and adjustment, however carefully iffie transfonners are 
assembled. 

Gener^y speaking, the current entering into a 
section IS the same in phase and amplitude as that 
♦ Fawssett-Pairy. ., I 


has bera dewed as a means of reducing costs, and has 
been obtamed by combining two of the earUest systems: 

(а) The voltage balance, with transformers on two. 

phases and 2-core pilot • (Fig. 29). 

(б) The core balance leakage f (Fig. 30). 

Thrae combined give a system (Fig. 31) which is simple 
ai^ 18 smtable for use with instantaneous relays of a 
robust character. For example, it may be used on 
ordma^ feeder lines 2 miles long where the “ straight 
through current on short-circuit might be 10 OOO 
amperes. The relay settings would be about 400 
amperra for " between phase " faults and earth faults. 
Thus the stabihty ratio is 26:1. For longer lines the 
pilot capacity-current becomes effective and higher 
settings the relajrs Would be required in order to 
retam stabihty. 

BcOancing condensers.—To compensate for the unbal- 
an<Mg influence of the capacity current one of the 
earlwst suggestions was the use of condensers.! This 
method has been experimentally appUed, but in practice 

* 1904 Patent • 1 1908 Patent t Whitcher. 



CONNECTIONS FOR PROTECTION AGAINST SHOCK, FIRE AND FAULTS. 


441 


in this country the compensated pilot found greater 
favour.* 

Series relays. —^As an alternative when the further 
stabilizing element is necessary, and when compensated 
pilot cables may not be used on account of additional 
expense, an arrangement with two relays in series has 
some points of interest, f One relay has a slight lag due 
to added inertia, but a sensitive setting; the other has 
a comparatively heavy setting but instantaneous 
action. The inertia relay deals with small and^ordinary 
internal faults with a slight inverse time-limit, but is un¬ 
moved by the out-of-balance set up by heavy “ straight 
through ** currents. The instantaneous relay deals 
with the heavy internal fault currents that are of 
importance from the aspect of speedy release. 

Diverter relay. %—^The above principle is carried a step 
further by the diverter relay system devised at an 
earlier date. This is illustrated in Fig. 32. In tto case 
the relative action of the inertia relay and of the instan¬ 
taneous relay respectively is similar except that the 
instantaneous relay does not trip the circuit breaker 
directly, but only makes the inertia relay more stable 
* against the unbalancing influences by adding resistance 



in circigt with the coil whilst the heavy '^through** 
transient is passing. As compared with the preceding 
example, with a corresponding length of line the earth- 
fault setting may be reduced from 400 to 100, and the 
stability ratio increased from 26 : 1 to 100: 1, notwith¬ 
standing the influence of the pilot capacity-current. By 
reducing the effect of this capacity current, which c^ 
be done by a simple modification as shown in Fig. 
32a, the length of line may be increased to 10 miles 
with the same stability ratio. 

Applied to feeder protection of long lines where 
unbalancing by oscillating cuirents is to be feared, ^e 
inertia relay coil may be by-passed by a non-inductive 
shunt resistance which will prevent the bulk of the high- 
frequency current from traversing the relay coil. This 
is really additional stabUity. Without the by-pass 
the inertia would be sufflcient to tide over the short 
time during which it is possible for tlie transient to 
exist, assuming, of course, that the through" fault 
will be properly cleared by its own relays. 

Tuned relays. —^A more positive method of elimination 
of the unbalancing influence of the oscillatory currents 
is a relay which can operate only with a flow of power 

♦ Beard-Hunter Electrical Improvemeivts, Ltd.), 
t Beard-Porter (Electrical Improvements, Ltd,), 
i Biles. 
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current of or about the normal frequency of the system. 
A proposal • utilizing contacts mounted on reeds mechan¬ 
ically tuned to correspond to the natural frequency has 
shown promising results in its experimental stages. 

Drainage coils. —^The rranedy for the vagabond induced 
voltage on the pilot wire is similar to that which has 
been applied to telephone circuits. Differentially- 
wound induction coijs are connected to each phase of 
the pilot wire. These form a non-inductive path to 
earth for the induced current, but a highly inductive 
path for the normal currents which circulate in the 
pilot wire at the instant of a fault. These * drainage 
coils ” have been tried and do not materially interfere 
with the fault tripping-values of the relays. The risks 
can be reduced to a minimum by good bonding at the 
joints in order to avoid the earth-return fault current 
taking a vagabond path. If it returns via the lead and 
bonding the resultant field of the outgoing and earth- 
return currents will be neutralized. 



Extreme measures. —^As a record, an aggregation of 
the foregoing on a 3-core pilot system is shown in Fig. 
33 . Ope side of the diagram shows the use of compen¬ 
sating condensers, and the other the compensation by 
pilot-wire sheaih. Fortunately, the use of all the 
accessories is necessary only on very rare occasions. 

Time-limit discrimination. —Relays with a definite 
time-limit action by pendulum or clock mechanism have 
still a place as positive discriminating devices for graded 
feeder and plant sections in series, whether in single 
line, tree or tee formation. Their scope is, however, 
restricted in those places where continuity of supply is 
all-important, and where in contrast the fundamental 
is for instantaneous action and parallel running, 
which includes the case of ring mains. The same 
limitation holds for excess-current time-limit relays 
with inverse time characteristics and with or without 
minimum definite time-settings. 

split-conductor systew.— The spht-conductor protec¬ 
tion is exceptionally useful as a system involving prac¬ 
tically no expense when two existing cables f can be 
used in parallel on one split-conductor switch. In 
fact, sometimes the entire cost of two switchgear panels 

can be saved (see Fig. 34). _ 

Four-core protection.—h. combination of Merz-Price 

* Leeson t Glasgow and ShrfSeld Coiporations. 

<80 
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gear with the split-conductor system, known as the ! secure by adding to the plain relay, pilot and transformer 
4-core system,* is said to be the most economical in i system some stabilizing feature such as the “ bias ” * 
new cables from a cable-making standpoint (see Fig. 3S). j or the “diverter” relay. With the latter the fault- 
Generator and transformer protection .—The stability | setting may be reduced to 10 per cent, the stability 



Fig. 32. 




Fig. 33. 


of Merz-Price generator and transformer protection is 
also dependent upon the accurate magnetic balance of 
the current transformers and, as for feeder protection, 
m some Cases there is the need for rendering it more 
* Hunter. 


ratio increased to 200 : 1, and, with the resistance to 
pass twice full load, 95 per cent of the winding will be 
protected, or, with the resistance reduced to full load 
90 per cent of the winding will be protected. 

* • Wedmore and McColl. 
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Gmeratoy field and auxiliary circuits ,—^The study of 
generator protection has included the possibility of a 
failing field. The best remedy is a thoroughly reliable 
air-break main field switch which will not inadvertently 
trip out, Sind efficient insulation, which latter is not 
difficult for the low voltages employed. The excitation 
of modem alternators is provided by their own exciter 
unit. Overload cut-outs are undesirable and unneces¬ 
sary. Both poles are insulated so that a fault to earth. 


and steam stop-valves are all to the good in limiting 
the possibility of the fire spreading inside a machine, 
but the automatic cutting-out of a fault should be 
effected so rapidly that a serious fire cannot start. 

Generator auxiliaries are an important factor in the 
continuity of supply. The inadvertent closing down of 
auxiliary plant is frequently responsible for discontinuity. 
Infallibility of switchgear and connections will do much 
to prevent this annopng experience. For this reason 




such as an accidental contact with a spanner on one 
pole, does no harm, and even this can be avoided by 
proper enclosure. Reverse-current relays controlled 
from the a.c. side are frequently inoperative on a failing 
field and their application is limited to a failure of the 
prime mover. Although recent designs are greatly 
improved, such relays cannot be considered desirable 
for alternator protection. In any case it is essential 
that they be fitted with a definite time-lag to prevent 


it is important that the mechanism involved on the many 
circuits shall be very solid, notwitlistanding that some 
of these circuits may be quite small and apparentiy 
insignificant. In large power stations the power behind 
the switch is considerable, and the ordinary service fuse 
equipment and low-tension switchboards are generally 
inadequate. There should be nothing in the nature of 
low-voltage releases, or anything that may be accidentally 
tripped out in cleaning operations. Fuse protection. 



premature operation. In these circumstances it would 
appear to be unnecessary to introduce any failing-field 
tripping device, but if one is installed it should have a 
long, definite time-limit attachment. Here instanta¬ 
neous action has no great significance from the point of 
view of limiting damage or disturbance to the continuity 
of supply. In fact, the rare occurrence of a failing field 

may safely be left to manual operation. ' 

The further steps of closing the .ventilating shaft 


provided the fuses are heavy enough to prevent prema¬ 
ture blowing on occasional overloads, is permissible, 
but, as complete enclosure is essential, special measures 
are necessary to contain the forces of the explosion 
created by the blowing of a fuse on the occurrence of a 
short-circuit. Low-tension, metal-clad, oil-immersed 
fuses have been made for this purpose. 

The other part of the problem of continuity ,^oncerns 
the layout of an alternative source of supply to the 
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motors controlling the auxiliaries. One source may be 
a separate transformer attached electrically to the 
generator terminals on the unit system—^i.e. it comes 
under control from the busbars through the same main 
circuit breaker as the generator—and the other a 
transformer supplied from the station busbars. 

The plant must start up from the busbar transformer, 
and when the generator is running it may be changed 
over to the generator's unit transformer. The point of 
change-over from one system to another is a delicate 
and yet essential one. There is often a risk of the 
significance of this important detail being overlooked, 
as, for instance, in the transference of the requirements 
of a specification from one department to another. The 
importance of this equipment merits the best in design, 


influences to which any two transformers in the same 
protective circuit are prone are eliminated by the use 
of a single iron core as in the system known as " self¬ 
balancing." ♦ This core can be designed to slip over the 
lead of the main alternator cables and, in co-ordination 
with the design of the alternator frame, affords a good 
solution of the terminal question. Instead of bringing 
the terminals out underneath and out of sight as in the 
present practice, they might be given the prominence 
they deserve by being brought to the surface (see 
Fig. 36). 

At the side of the protective transformer and terminal 
box is shown the usual emergency pillar containing the 
main field circuit breaker and a press-button release 
for the main oil circuit breaker and the field switch.. 




and absolutely positive action; there must be no 
possibility of failure of operation. One switch must 
first break the whole auxiliary load, its contact being well 
clear, and simultaneously with that clearance the other 
switch contacts must close. The two switches must 
never make contact at the same moment, because the 
busbar transformer may at some time or other be taken 
off a section of busbar which is not in phase with the 
unit transformer. 

Similar switchgear arrangements are suitable in 
those cases where the alternative supply to auxiliary 
plant is given by steam-driven house turbo-alter¬ 
nators. The layouts may differ in detail, but the 
,principle, represents the requirements for present-day 
practiced 

Self-balance ,—^The phase-angle errors and unbalancing 


The diagrammatic scheme of connections, including pro¬ 
tection, field control and interlock, is shown in Fig. 37. 

The protection covers the stator windings, terminals, 
and the main cables to the switchgear. The relay 
contacts are arranged to open first the main stator 
circuit and, when that is accomplished, then the field 
and the neutral earthing circuits. The field may be 
closed by hand, but cannot be opened by hand while 
the stator is closed. The stator cannot be closed on 
an open field. An alternative is to allow the neutral 
earthing switch to open simultaneously with the main 
oil switch. The connections as shown in the diagram 
provide for this method. 

Relay-tripping by hand for trial of mechanism from 
the control room opens the stator but not the field 

* Beard (Electrical Improvements, Ltd.). 
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circuit* The emergency release on the engine-room 
pillar opens the main circuit and field circuit in sequence. 
The complete metal enclosure of all circuits, including 
ilie neutral, will be noted. 

Interference with telephone lines ,—^The aid of protec¬ 
tion against faults is evoked by the telephone and tele¬ 
graph service in order to eliminate interference by 
currents induced from the main line during faults.*** 
•Currents at normal frequency of the line do not inter¬ 
fere so seriously vrith speech on telephones as those of 
Abnormal frequency which may occur on transmission 
lines during arcing earth-faults. 


. upon the path taken by the return current from a fault. 
If the system can be arranged for the fault current to 
go and return along parallel paths in close proximity, 
the field of the outgoing conductor is neutralized by 
that of the return, and no currents would be induced 
in neighbouring cables. This requisite can best be 
obtained by completely enclosing all conductors in 
metal. This method, while providing an efficient 
bonding over all sections of the metal enclosure, reduces 
stray currents. Moreover, given an earthed neural 
point, it tends to reduce to a minimum the possible 
duration of the high-resistance fault currents which set 



A. Main busbars. 

field switch. . 

J. Neutral busbar common to all generators. 

K, Earthing resistance. 


The risk of shocks and fires from telephone and 
telegraph leads, occasioned by induced voltage, one 
which must not be overlooked. In some places it has 
been found necessary to insulate telephone communica¬ 
tion vrires between substations as for high-tension 
service (3 000 volts), and to resort to the use of " drainage 
< 50 ils ” of the type mentioned above in connection with 
pilot wires for protective gear. 

The intensity of this form of interference depends 


* S C BiUWHOMMEW: "Power Circuit IntMierence with Telegraphs and 


m" TrtpSSnlor hand and automatic control respectively, 
n. Exciter shunt-field regulator. 

andeme^^^^ S. 

?■ ”^i^cou'^ta>uSgtte closing of the oil dtrait breaker, 
“•r‘Kte-aSswit* to 


up the high-frequency oscillations. The duration of 
dteturbances to speech can thereby be cut down to i^e 
short time taken by the protective gear to isolate the 
faults. Such interference would be unnoticeable to 
ordinary users of the telephone service. 

To conclude, the variety of designs and possible 
causes of trouble on protective gear may create a.n 
impression of reluctance to depart from the simple 
overload devices, but it must not be overlooked tiiat 
tiiese overload devices axe the greater ofi^ders m 
inadvertent operation, and that the difficulties which 
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Ixave been faced are mainly those which have arisen out 
of ever-changing conditions of service, increased currents 
and voltages, and extension of the distances of trans« 
BMsion. There are innumerable instances of the 
simplest forms of balanced protection having given 
eihcient operation ever since they were installed, some 
of them on a large supply system in 1906. Moreover, 
enormous benefit has been derived from them in the 
development of the large supply systems under the 
policy of universal interlinking and parallel running, 
with the consequent continuitv of supply to all 
consumers. 


Conclusions. 

The requisites for safety and continuity are brieiiy 
as follows:— ^ j 

( 1 ) Universal metal-dad enclosure for 

(flf) The confinement of dangerous conductors; 

{b) The preservation of insulation in compound 
and oil; 

{p) The restraint of fire and arcs within a unit, and 
the impregnability of adjacent units; and 
{d) The reduction of cleaning functions and other 
interference with conductors and insulators. 


(2) A stable neutral point at earth potential, giving 

(a) Durability of earthing and bonding; 

(b) Stability on transient short-circuit " straight 

^ough'' currents in sound sections, and 
instantaneous isolation of the faulty sections. 

(3) Reliability in all operating mechanism, enhanced 
by periodical inspection and trial by hand-release of 
essential tripping movements. 

(4) (a) Elimination of human error by security of 

interlockmg, coupled with the indication 
of essential circuit connections. 

(b) Strong flameproof endosure for circuit-breaking 

dements. ® 

(c) Reduction of destructive forces, if possible, 

but in any case the limitation of their dura¬ 
tion to a minimum by aU available measures 


^ The au^or begs to acknowledge that the paper is 
in l^e mam the outcome of a long and dose association 
m design and experience witii the Operation, Testing 
and Construction Departments and the Consulting 
Engineers of the Newcastle-upon-Tyne Electric Supply 


Co., Ltd., and their allied Companies of the North- 
East Coast. In addition, he desires to acknowledge 
a large amount of assistance from members of the 
staff of Messrs. A. ReyroUe and Co., Ltd. 
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A^ISCUSSION BEFORE THE INSTITUTION, 


E. B. Wedmore : Many phases of the work 
summary of the paper are 
now largely (»mmon practice. The adoption of the 
prmaples underlying the metaJ-clad construction is 

^ personal effort, 

^o'^e'^er. to agree with the author on 
every point. In certain respects he is carryme his 
^ particularly to the of 

duphcatidh m certain cases. He is not in favour of 
the duplication of switch^. -Although the electric 




supply industry is very weU served by expert pur- 
c^OT and maintenance engineers, the repair bill of 
tte industry mns into miUions of pounds per annum. 
Insulation failures nione account for half a million 
^nn^ a year. No manufacturer intentionally offers 
defective apparatus, but these figures show that there 
are still weakneases to be overcome, and that we have 
not reached finality in design. We have switch failures 
to r^ord every year. I think there are instances in 
which maintenancS of supply and othM- considOTations 
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do tend to the duplication of switches. One cannot 
afford in a station where the supply rests principally 
on two or three large generating units, to face the 
position, even for a comparatively short time, of two 
of those machines being out of action. It means that 
when one machine is shut down we are absolutely 
dependent upon individual switches to keep the second 
and third machines running. The provision of dupli¬ 
cate switches in such cases sometimes carries with it 
other advantages, e.g. simplicity of the whole scheme 
and its operation. Where the supply to a large sub¬ 
station depends upon a few large power transformers, 
the question again arises whether one could not dupli¬ 
cate switches to advantage where a duplicate busbar 
system is employed. The author favours the use of a 
single busbar in large generating stations, but I alto¬ 
gether disagree with him. The use of simplified gear 
in a small compass is part of the practice advocated, 
but if a breakdown occurs, the result will almost 
inevitably be very serious and prolonged. The use 
of single busbars has been discussed before and 
I have sought for some analogy to illuminate the 
issue. It is to be found in the anatomy of the animal 
creation, in designs which have been evolved through 
countless ages and withstood the test of time. We 
find the rule is that the external exposed organs are 
duplicated and the single organs are the protected, 
the partially enclosed and the totally enclosed. So far 
the argument is with the author, but closer examina¬ 
tion shows important exceptions. We find the brain 
or principal nervous centre amongst the best protected 
but always completely duplicated, each half witii its 
independent blood supply, and to make assurance 
doubly sure we have at Ihe base of the briain the best 
protected spot of all, the circle of WUlis, which is 
comparable with the ring busbar, one of the ideal 
forms of duplicating, so arranged that any section 
may be damaged without stopping the blood supply 
to either half of the brain from either main artery. 
The single busbar in the large generating station has 
been tried experimentally in this country and found 
wanting. I have followed with great interest what 
the author has to say on the subject of rupturmg 
capacity of oil circuit breakers, a subject upon which 
a great deal will be said in the next few years. The 
Electrical Research Association is happily in the posi¬ 
tion of being able, with the co-operation of power 
station engineers, to carry out on the rupturing 
capacity of switches researches which are revolutionizing 
design. The extraordinary range of action that is 
given when one and the same switch is called upon 
to open one and the same circuit under identical ^temal 
circuit conditions cannot be too clearly recognized by 
all buyers and users of switches. A given switch may 
open a circuit with hardly any indication that anything 
has happened, but on the next test the same switch 
may be blown to pieces. The amount of energy 
released on one and the same switch on one test may 
be very many times titiat released in the next test 
under similar external conditions. It has been said 
in the past that half a dozen tests should be made on 
a switch before any idea can be obtained of its safe 
rupturing-capacity rating, but I now doubt if that num¬ 


ber is sufficient with present designs. I am, however, 
happy to say that we are in sight of formulae which will 
enable us to establish on scientific principles the true 
rupturing capacity of an oil circuit breaker. Until 
that is done it is of very little use to split hairs on 
small margins on supposed factors of safety based on 
data now current. Diagrams of protective gear are 
puzzles which mean nothing at all to those who are 
not familiar with the details, and I shall not pursue 
the details now, but certain interesting facts emerge 
when the designs recently developed in protective 
switchgear are examined. The modem motor-car or 
flying machine could not have been built 20 years ago, 
because we had not the special materials and special 
machinery which are now available for their produc¬ 
tion. There is no reason, however, why the most 
highly developed protective gear of the present day 
should not have been manufactured 20 years ago. I 
put that point to a designer to-day, and his reply was 
to the effect that at that time the necessity and the 
economic value and importance of protective gear 
were not realized. We have got past that stage and 
there is now a recognized market for effective pro¬ 
tective switchgear. Of the various designs produced, 
each one has been the “last word.” This suggests 
that finality has not yet been reached, and anyone 
who will make himself familiar with the requirements 
as detailed in the papers cited in the author's bibUo- 
graphy, and will apply himself to the outstanding 
problems, may expect to make further advance. When 
the Hunter four-core system was evolved, I spent some 
weeks trying to improve on it with a single pilot in 
the middle of a cable. There are many ways in which 
it cannot be done, but it should be possible. At any 
rate, the next step will be something on those lines, 
and I suggest that those who are interested in the 
subject should pursue the idea. 

Dr. G. C. Garrard: I should like to suggest that ^ 
while the author's methods are no doubt excellent 
when the conditions are suitable, he goes too far when 
he maintains that they axe the only methods. The 
author's clear exposition of the term “ stability ratio ” 
expresses in two words what would otherwise take a 
great deal of explanation. It is an all-important 
matter in protective gear. Applying it to a given 
case, if the short-circuit current be, say, 60 times the 
full load of the circuit, then the minimum fault setting 
one could have, given a stability ratio of 100, would 
be 60 per cent of full load. I would recommend that 
the B.E.S.A. Committee on Nomenclature should con¬ 
sider the standardization of this definition. Reading 
between the lines of the paper, it would appear to 
me that the author's scheme for dealing with a low 
stability ratio is to increase the fault setting. To piy 
mind the proper solution of the stability problem is 
the adoption of the biasing principle. This can be 
done in a variety of ways. For example, mechanically 
or electrically in the relays, as in McCoU's system, or 
by the use of a biasing transformer, as employed by 
FitzGerald. The diverter relay in Fig. 32 would be a 
form of biasing were it not for the fact that it puts 
in tide bias in one step, the fault setting being altered 
suddenly at one particular value of the loac^ by the 
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insertion of the resistance. The biasing principle in 
the s 3 rstems I have mentioned is, however, effective 
over the whole range, its effect being to make the 
fault setting a constant percentage of the load flowing 
at the time. Thus the stability ratio is enormously 
increased. There can be no doubt that in the future 
this bias principle will be more and more applied. It 
can, of course, be used in conjunction with any system 
of pilot-wire or split-conductor protection. It might 
he thought from the heading of the paragraph on 
page 442 that the bias system can only be applied to 
grenerator and transformer protection. This is, of 
course, not so; it is of universal application. In 
passing I would add that the use of an "inertia'* 
relay seems to be contrary to the spirit of the author's 
remarks elsewhere in favour of the instantaneous 
action of protective gear. I quite agree with his pre¬ 
ference for the term " mistake-proof." What we have 
to guard against is an attendant operating without 
thinking. As long as his attention is drawn by some 
means to what he is doing, for example, by finding it 
impossible to open a link door without having first to 
open the oil-switch chamber door, this is generally, 
at least in power station work, as far as it is desirable 
to go. Complicated interlocks on power station boards, 
operated by skilled attendants, are in my view very 
undesirable. They can introduce a false assumption 
of security. I know of a case where a highly-skilled 
engineer was killed because he relied upon an interlock, 
and another case of the representative of a firm which 
specialized in interlocks having his arm burnt off in 
spite of all these precautions. Simplicity, ease of 
inspection and flexibility are vital in power station 
switchgear. It is certainly good practice to inspect 
penodic^ly all connections and joints on important 
instaUations, and in my view it is desirable that this 
should be made possible. For large power houses I 
.beheve the fireproof subdivided system, developed 
from the original cellular gear of Ferranti, gives the 
most satisfactory; all-round result. Tlois certainly 
seems to be the trend of events in America, where the 
largest stations (such as HeU Gate) are now installing 
the isolated-phase system in which the three phases 
are in separate and distinct rooms. The advocates of 
the totally-enclosed compound-filled type claim, with 
justice, that this scheme is free from the danger of 
busbars being short-circuited by rats or mice. This is 
true. But cellular gear, as now constructed, is vermin- 
proof, and mica-insulated busbars and connections 
Me an additional safeguard. In making these comments 
I wish to point out that I do not for one moment 
make any exclusive claims for the cellular construction. 
The to^y enclosed scheme has many legitimate 
applications ; I merely deny that it is the only right 
system. As regards the form of reactance mentioned 
on page 427, I should hke to ask the author if he can 
give any figures as to the internal losses in the lead- 
covered cable type, as compared with the hare-wire 
type. I inclined to think that they are rather 
iMge. On page. 428 the author seems to deprecate 
hushaxs in large power stations. 

I should hardly ^nk he is serious in this, and I cannot 
conceive «t possible that any large power station will 


be built wthout duplicate busbars. I think that the 
remarks m the paper regarding B.S.S. No. 116—1923 
require some discussion. The general drift of the 
papCT m this matter would seem to be that this 
specifi.cation rather leans towards a low standard. This 
m, however, to misunderstand the specification. In 
the appendixes of the specification, suggestions are 
^en as regards the selection of oil circuit breakers, 
^ese are attacked by the author, and I tTiiny that 
to Fig. 19 is calculated to do a certain amount of 
harm to Bntish reputation. The B.E.S.A. specifica¬ 
tion leaves It open to the purchaser to specify the factor 
of s^ety he requires. In order, however, to' guide 
^ in the ra^er complicated matter, the suggestions 
in the appendixes are given. It may be added that 
these suggestions have a large amount of practical 
experience behind them, and axe to all intents and 
pu^SM the ^le as those adopted by the American 
iMtitute of Electrical Engineers. The real crux of 
• “ tte rating as regards rupturing capacity 

given by the various makers to their switches. Generally 
T*^i,** inverse ratio to the reputation of the maker 
If to purchaser were sure that the maker’s rating was 

^ wrong if he 

followed to specification. Thm-e is of course a great 
deal yet to be Icnown about the question of breaking 
capamty. The author touches upon one, viz. the 

m to future when specifying breaking capacity to 
spe^ the power factor, but we are hardly in tliat 
position yet. The expression "through rating" of a 
OTCmt breaker used on page 434 seems to me to be 

capacity rating, and I should 
be glad to know whether this is so. I agree with to 
authors remarks in regard to " explosion pots" in 
oil swtches, and I would also point out that with 
switches on 5 000-volt or 6 000-volt circuits it is 

conSr^ ’’ ^“’^'•ace only the arcing 

contacts, not to mam contacts. In my opinion it is 

to plosions (in the air spLe above to 

^®®“ tlie disasters 

TOth oil-br^ switches in the past. I doubt whether 
to explosion-pot construction helps in such cases. 

charging resistances in oU 
“•® ''®^ . advantageous in transformer 
swtches. There is generally a large rush of magne¬ 
tizing current when switching-in a transformer; with 

only affects the protective 
gear but is for the apparatus generally. It can 
be enteely obviated by a self-contained chargmg 
resistoce mounted on the moving cross-bar of the 
.J, disagree with to statement on page 438 
that without exception to final closing of the earth 
rannection should be done within an oil-filled enclosure." 
men my own safety is in question I prefer an earth 
link winch I can see is closed and in perfect contact 
with ite jaw: personally I should never rely upon 
something I cannot see. I also must protest against 
to authors vibration test on the base-plate of the 

^ects the swtchboard more than the turbine does. 

necessity for the use of drainage coils, compensating 
condensers and the like, mentioned on page 441, ghows 
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how complicated protective gear can become. I 
should like to know to what extent these are necessi¬ 
tated by the necessarily relatively high voltage on 
the pilot wires when using the balanced-voltage system. 
It seems to me that the circulating-current system 
for cable protection is free from many of these diffi¬ 
culties. I think that the author’s remarks (p. 436) on 
the question of reactance coils must be accepted with 
caution. Reactance coils are an absolute necessity in 
large stations. They should, in my view, be inst^ed 
so as definitely to limit the short-circuit current to a 
maximum value not exceeding, say, f million kVA. 
This provides no difficulty even with the biggest 
possible plant. 

Mr. T. G. Christianson: I gather that many operating 
engineers dislike interlocks for various reasons. There 
is a limit in practice to the amount of interlocking 
which can be applied to switchgear and other apparatus, 
and with very complete interlocldng there are occa¬ 
sionally circumstances requiring some of the inter¬ 
locks to be temporarily put out of action—^in such 
circumstances special care is essential to avoid accidents. 
I tliink most engineers will agree that complete 
enclosure or inaccessibility of all live connections with 
plant of large capacity is highly desirable, and it should 
be noted that low-tension apparatus should be treated 
as carefully in this respect as high-tension apparatus. 
I know of at least one fatality resulting from arc 
burns following a short-circuit set up by the metal on 
a portable instrument on a 440-volt switchboard. 
Many engineers prefer, however, that the enclosure of 
switchgear and its accessories should be of tlie cubicle 
rather than tlie complete metal ty^e. Cubicle-type 
switchgear has several merits which one feels will 
always appeal to many engineers. On page 430 the 
author mentions an entire switchgear being destroyed 
due to a fault, and the inference appears to be ttiat 
this switchgear was of the cubicle type. I think it 
only fair to say that faults on metal-clad gear have 
occurred, and that while their effects have generally 
been concentrated, repairs and resumption of supply 
have taken a good deal of time. It must be recognized 
that the effects of faults when they do occur on the 
cubicle type of gear are in general more readily 
rectified than those on metal-clad gear. A change¬ 
over on duplicate busbar cubicle-type switchgear is 
quite simply and easily arranged for. The majority 
of engineers will agree with the author that one good 
circuit breaker, etc., is better than two of inferior 
quality, and that with metal-clad switchgear the neces¬ 
sity for a duplicate busbar for cleaning purposes scarcely 
arises. Even with the best design, of apparatus, how¬ 
ever, faults are possible; therefore one would naturally 
prefer to have duplicate busbars at vital points on 
the system, such as the ma.in generating station, to 
permit—among other reasons—the supply to be 
resumed quickly from the hospital busbar after a 
fault on the main busbar. A further advantage of 
duplicate busbars at, say, the main generating station 
is to permit the practice of normally running some of 
the generators and feeders on one busbar, and other 
generators and feeders on the other busbar—separated 
when the capacity of running generators is large 


except through reactors per se, or through network 
feeders with their inherent impedance. I think that 
the author will agree that under both the above heads 
it would be a distinct advantage from an operating 
point of view to be able to effect the change-over from 
one busbar to the other in the shortest possible time. 
It is a fact that faults on metal-clad busbars have 
been of rare occurrence, but it is probably worth while 
to arrange (and pay) for the means to enable a rapid 
change-over to be made when such a fault may occur. 
Again, under the second heading mentioned above, 
some engineers are probably prepared to pay for tlie 
means of enabling circuits to be changed over—for 
adjustment of load, etc.—^without interruption thereto. 
I think that the author has mentioned that in most 
cases feeders, etc., would be at least in duplicate—so 
permitting a short interruption of power supply tlirougli 
one feeder without interfering with the supply of power 
to any given location. It will be appreciated that 
simple but efficient interlocks can readily be applied 
to most of the change-over devices mentioned by the 
author in order {a) to prevent both busbars being 
connected simultaneously to any circuit under any 
conditions; (b) to prevent both busbars being con¬ 
nected simultaneously to any circuit except when the 
two busbars are paralleled through, say, a busbar 
coupler switch; and (c) to necessitate the circuit 
breaker being open before any operation can be per¬ 
formed on the isolating switches. I believe that some 
operating engineers would prefer to change over without 
interruption with or -witliout interlocks, and that 
others would prefer definitely to interrupt the supply 
to each given circuit—even if only momentarily—for 
change-over purposes. It would appear to be mainly 
a question for operating engineers to determine their 
requirements in this regard, and we manufacturer.s 
hope that they will give us their views on the necessity 
or desirability of these various features, bearing in 
mind that what we may call die rapid change-over 
features are somewhat more costly tlian the others. 
Referring to Fig. 9, a further point in regard to the 
design shown therein is the simple means available 
for earthing either of tlie busbars or the cable by 
inserting earthed plugs in the appropriate sockets and 
closing the oil circuit breaker. It should be noted 
that the design—^under Patent No. 217290—covers 
bottom sockets with through insulators for bottom 
plugs to connect the circuit breaker terminal to 
the cable or earth as required, as well as the two 
top sockets indicated in the figure. There is the 
further feature not discernible from the figure, viz. 
that the oil circuit breaker may be of the normally 
fixed type. Referring to Fig. 8, I consider it to be of 
prime importance -with this design of change-over 
arrangements that [a) positive means should be pro¬ 
vided to prevent both busbars being connected 
through plugs associated with any one circuit oil 
circuit breaker other than the busbar coupler, and 
(6) that a positive indication should be given as to 
which busbar is connected to the oil circuit breaker. 
The indicator should, therefore, be automatic and 
should not depend merely on the operator’s memory 
at the time of change-over. The double oil circuit- 
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breaker layout would appear to be the best for duplicate 
busbar working, and its greater cost is probably 
justifiable in large and important stations. I think, 
however, that engineers adopting this scheme would 
prefer to have the busbars separated, more than Fig. 10 
would appear to indicate. It is probably good to 
recognize that many engineers have in the past 
objected to compound-filled metal-clad switchgear, 
largely because of the difficulties of changing current 
transformers, or of adding potential transformers to 
units not initially provided with sockets, etc., for these 
latter. These difficulties have now been practically 
eliminated by using a viscous oil (such as resin oil) or 
an oil-base compound of low melting-point for filling 
the chamber containing the above apparatus. It 
would be of interest to have the author's views on 
the commercial and technical feasibility of employing 
viscous oil, etc., for filling the busbar chambers of 
metal-clad switchgear for the various voltages com¬ 
mercially in use on this class of gear. A study of the 
various figures indicating metal-clad units shows that 
no potential transformers have been indicated. It 
will be appreciated that these can readily be fitted 
where required, and the design which permits safe 
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Fig. a.—^I mproved circulating-current 
protective system. 


accessibility without interruption of supply to thS main 
circuit is doubtless to be desired. Some users of metal- 
clad gear wish to be .able to circulate current through 
the primaries of the current transformers for testing 
purposes, and to do this readily it is a simple matter 
to make temporary connections from a suitable local 
circuit through the cable and P.T. sockets. It is not 
clear at first sight from the author's remarks on 
pages 433 and 434 in regard to reactance increasing 
the arc energy why this should be so, and his explana¬ 
tion would doubtless be of interest. Referring to 
Figs. 14 and 15, the earthed metal divisions inside 
the tank can be used to greater advantage in eliminat¬ 
ing the risks of axcing between phases and strengthening 
the tank if the top crosshead design of circuit breaker 
be adopted, as it is then possible to carry the metal 
divisions right across the tank. I consider that the 
brealting capacity of a switch or circuit breaker 
(mentioned on page 434) ought to be a definite figure 
to be stated by the maker or, preferably, by an inde¬ 
pendent testing authority. I do not appreciate the 
author^s suggestion that the breaking capacity should 
be qualified by stating the basis in terms of generating 


plant output and reactance on short-circuit. This 
latter information is obviously required in estimating 
the short-circuit current possible, but it is not clear 
to me that it has anything to do with the ability of a 
given circuit breaker to rupture any stated power in 
kVA or kW. With reference to the term stability 
ratio " used in the paper, should it be desired to protect 
more than 75 per cent of the stator winding for single 
earth faults without reducing the ohmic value of the 
earthing resistance, it is possible to do this by con¬ 
necting an earth fault" relay between the " short- 
circuit fault" relay star point and the current trans¬ 
former star points (as indicated in Fig. A). It is true 
that this " earth fault" relay would require to have a 
setting to trip at a current less than 60 per cent of 
the full-load current to achieve the above protection, 
but it will be appreciated that such lower setting 
would not impair the stability ratio of the protective 
gear. A thoroughly sound relay can be supplied to 
operate with, say, 7^ per cent of the full-load current 
of the generator, and this, connected as above, would 
give single earth fault protection on 96-26 per cent 
of the stator winding under the other conditions set 
out by the author. It will be appreciated that one of 
the ** short-circuit fault" relays may be omitted if 
desired, when the “earth fault" relay is installed. 
This improved circulating-current protective system 
was, I understand, devised by one of the MetropoHtan- 
Vickers engineers and is covered by Patent No. 144073. 

Mr. P. Rosling : On page 437 the author mentions 
the effect on cables of a direct lightning stroke or 
surge. He says: " The excess voltage is absorbed in 
the capacity of the cable. This method, together with, 
a high standard of insulation, satisfies the conditions 
prevailing in this country." It is quite true that this 
may save the transformer and the gear but it is not 
fair to the cables to make them surge arresters. If 
the matter is studied only from the point of view of 
the induced charges from lightning, which do not take- 
place very jErequently, probably no damage occurs to* 
the cable, but if the cable is subjected to frequent 
surges due to switching, or other causes, trouble may 
arise, the crucial point being the number of times the 
pressure is applied before the cable will break down. 
On studying the question with the electronic theory of 
matter in our minds we see that the molecules or atoms, 
are composed of var 3 dng numbers of electrons which 
presumably are arranged in varying groups depending: 
on the element which they form. These electrons, 
are possibly vibrating in unison with the molecules 
(the periodicity depending upon the temperature), 
and also probably moving, or able to move, in their 
own particular atom at a speed approximating to that, 
of light. We know that if we bring a collection of 
electrons in the form of a metal bar at a high tempe¬ 
rature near another collection of electrons in the form 
of paper vibrating at a lower frequency, the vibration 
of the molecules in the bar will transmit energy through, 
the ether to the molecules in tlie paper, increasing 
their vibrations until the electrons in tlie molecules of 
paper rearrange themselves into the groups of electrons 
peculiar to carbon, hydrogen and oxygen, etc. The 
electrostatic field and the periodicity of vibration are- 
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in some way connected, as we know that should the 
electrons be in a state of strain due to an electrostatic 
field, the electrons in the molecules of the paper are 
affected by a lower temperature, i.e. a lower rate of 
vibration of the molecules in the hot body, and if the 
state of strain is very intense the electrons in the mole¬ 
cules of paper are affected even when the periodicity of 
both sets of molecules is similar. Further, there is a 
possibility that if electric current is caused by the 
passage of electrons along the conductor, these current 
electrons may conceivably, as they travel at a speed 
approximating to that of light, jolt the groups of 
electrons in the molecule of the dielectric which are 
under intense electrostatic strain and split them up 
into the groups representing the elements. It is well 
known that in many cases of slow growth where there 
is apparently no law to govern the direction of the 
growth, as for instance in the marking on a window- 
pane where moisture is congealed by cold, or the 
growth of coral in Southern seas, the growth takes a 
tree-like or fern-like formation, and in examining 
cables after high-pressure breakdown tests, certain tree¬ 
like or fern-like marks have been found, which makes 
it seem possible that the intense pressure due to the 
peak of each alternation of the charging current has 
caused the electrons in the moleciiles of paper to split 
up into groups proper to the particular atoms in the 
molecnles, and this process, having once started, has 
possibly localized the stress, and has continued, showing 
a slow growth in the tree-like marking. I would 
suggest that where high-tension cables have broken 
down for no obvious cause, the users would be well 
advised to put in some apparatus to act as a discharge 
for any high-pressure surge, say, 25-30 per cent over 
the working pressure. 

Mr. H. Trencham : As regards most of the funda¬ 
mental principles enunciated in the paper I am in 
accord with the author, but there are a few points on 
which I'*must join issue with him. I think that the 
single busbar does not provide a sufiiciont margin 
of safety. A duplicate busbar has quite a number of 
useful functions in connection with the operation of, 
electrical systems, and 1 think that it is likely to remain. 
The explosion pot as a means of rupturing heavy fault 
currents has been mentioned, but the fact that the 
very first oil circuit breakers used in heavy power 
stations were of the explosion-pot type is rather lost 
sight of. There are a very large number of those 
breakers in use to-da)^ and a large proportion of thorn 
have been in service for many years. The principle of 
their operation is probabty not completely understood, 
but there are sufficient data available to enable one 
to say that the ability of the breaker to interrupt 
heavy short-circuits is not a velocity phenomenon 
alone, and it is also peculiar that the heavier the 
current in this breaker the quicker the interruptions 
are likely to be. Moreover, the characteristic of the 
interruptions is very much more regular than in the 
other type of breaker. Another point to which I 
should like to refer is the rating of the circuit breakers. 


I think that the author has somewhat confused the 
actual rating of the breaker and its selection. I do 
not think that there can be any question that the 
British Engineering Standards Association intended 
the usual expression " kVA rating to mean a definite 
number of kVA, It would be better if the rating 
could be expressed in terms of energy-, but that is 
impossible. When kVA or amperes are taken as a 
basis, voltage must come into the question, and, as 
the power factor will influence the ease or otherwise of 
breaking, one has to assume that the very worst power 
factor must be taken into account, so that to express it 
in general terms of kVA is quite a rational proceeding. 
If we accept that as the rating the breaker must, in 
order to fulfil that rating, be able to pass a test which 
will give those conditions, and it is very unfortunate 
for the industry, particularly in this country, that very 
little real testing apparatus has been available. I 
think that one of the essential things for the switchgear 
industry to attend to now is to see that investigations 
are made with short-circuits much more comparable 
with those which occur in large power systems. The 
application of an oil circuit breaker depends on many 
more variables than are concerned in the action of the 
oil breaker itself—and those are very numerous in 
themselves—but to try to introduce the additional 
variables of the generating and distributing system 
into the breaker rating is a suggestion in the wrong 
direction. I believe that to employ bias in protective 
gear is the correct practice in providing for the stability 
of apparatus. If the relays are to be kept sufficiently 
delicate to function with a small amount of energy 
they will be liable to interruption if they have to deal 
with two contending forces which it is desired to balance 
against each other. Sound practice indicates the 
necessity of bringing to the relays only those tripping 
currents which are necessary for their correct functioning. 

Lieut. -Col. K. Edgeumbe : The author suggests 
(rather diffidently, I am glad to see) that if economy is 
essential it might be gained by cutting out the earthing 
resistance, but I am more than doubtful as to the 
wisdom of this, I believe that under normal condi¬ 
tions about 90 per cent of all faults start as earth 
faults, but I imagine that with the author's arrange¬ 
ments 99 per cent of the faults would start as earths. 
In fact, I gather that this is one of his chief objects, 
and therefore I should have thought that he, of all 
people, would have insisted on the installation of an 
earthing resistance. The tendency of the present day 
to employ single-core cables in place of multicore 
cables—particularly for the higher voltages—serves 
also to emphasize the importance of earthing through 
a limiting resistance. The author suggests that for 
induced lightning discharges a length of cable should 
form a satisfactory discharge path. It cannot, how¬ 
ever, do so in the case of internally produced surges, 
so that some form of surge gap seems to be essential, 

[The author’s I'eply to this discussion will be found 
on page 464.] 
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North-Western Centre, at Manchester, 17 February, 1926. 


Mr. S. Ferguson : The need for compound-filled 
switchgear has arisen owing to the growth of power 
systems. Every extension of the high-tension dis¬ 
tribution system has brought with it at least a pro¬ 
portionate number of additional faults, every extension 
of the generating plant has increased the severity of 
these faults, and the interruption of increasing values 
of short-circuit power has magnified the effects of 
voltage surges which, of course, vary directly as the 
value of current broken. The air clearances required 
to give adequate protection have increased and with 
•cellular gear it has become practically impossible to 
allow the clearances which are really necessary. It is 
on record that flash-overs 6 in. long have occurred 
•even on 6 600-volt systems. With compound or oil 
dielectric the clearance^ can be reduced to one-fifth 
and hence it is very evident that a complete compound¬ 
er oil-filled unit can be accommodated in much less space 
than a comparable cellular installation. Furthermore, 
oil and coinpound have a much higher dielectric spark 
lag against high-frequency voltages. This is a very 
important advantage when considering the protection 
•of switchgear against high-frequency surges. The 
author has not overstated the advantages of metal- 
clad gear. It affords protection against dust, dirt, 
vermin and moisture, and explosions in the switchgear 
structure are eliminated as there are no air spaces in 
which explosive gases can collect. The maximum 
protection to the life of the operator is assured. It 
would be as well for engineers to face facts. Some 
time ago I analysed the Factory Inspector’s reports 
covering a period of four years and found that 60 per 
cent of the accidents were due to operators dealing 
with switchgear which was supposed to be dead but 
which in fact was actually alive. Only a fortnight ago 
the Chief Mining Inspector’s report appeared in the 
Press and showed that practically 60 per cent of the 
accidents occurred on switchgear. These facts^clearly 
show that some form of metal-clad filled switchgear is 
very desirable, as it minimizes the fire risk and any 
damage is localized. Above everything else this type 
of gear is manufactured and shipped as factory-built 
units. I am very much in favour of standardization. 
At the present time the cost of switchgear is too high 
and this is mainly due to the multiplicity of types 
which are perpetuated. Metal-clad filled gear will, I 
believe, meet all requirements and I sinc^ely hope 
tliat sooner or later it will be standardized. In this con¬ 
nection I think that the Institution is behind the 
American Institute, in that there are no committees 
which analyse progress during the year and issue annual 
reports. In the American Institute there are sectional 
committees each of which deals purely with one section 
of electrical plant. For instance there is a power 
.•station committee, a protective devices committee and 
many others. The members consist of manufacturers 
;and operating engineers and there is the closest co¬ 
operation. I consider that it is high time a lead was 
^ven to ^operating engineers on the question of switch¬ 
gear if the enormous waste which is going on at the 


present time is to be eliminated. The objections to 
tlie earlier forms of this gear were the lack of accessi¬ 
bility of instrument transformers and busbars and the 
method ot busbar selection by the change-over of plugs. 
The first objection has been overcome by oil filling. 
This is a recent innovation which has only just been 
put into commercial use. The outward appearance of 
the gear is unaltered. The second objection has been 
remedied by the substitution of oil-immersed selector 
switches or double breakers. We are frequently told 
that the demand for metal-clad filled switchgear is the 
outcome of fashion, but I think that this is an erroneous 
idea. There are definite reasons which have prompted 
numerous manufacturers in this country to spend 
thousands of pounds on patterns, jigs and tools for 
the production of this class of gear. I agree with the 
author when he says that the settings of protective 
gear are frequently too light, at the sacrifice of stability. 
This brings the important point that such leakage 
protective devices often open the short-circuit before 
the fault has been fully developed, and it is necessar}*' 
to close the breaker two or three times before the fault 
can be dealt with. This makes it possible for the 
breaker to rupture the short-circuit power at its peak 
value, as the author has shown. He states that dupli¬ 
cation should be governed by the liability to break 
down, and refers to immunity from breakdovrn. I 
cannot share his optimism, because duplication is 
governed, or should be governed, by the consequences 
of failure, that is, the difference it makes to the con¬ 
sumers who will be affected and tlie length of time 
the supply will be discontinued. There is no plant 
which is immune from failure and there never will be 
so long as it is operated by imperfect human beings. 
The busbars in a central station are the most immune 
from failure, and yet I consider that there is the greatest 
necessity for their duplication because of the conse¬ 
quences involved in a breakdown. We duplicate our 
transformers and feeders and I consider that it is very 
essential to duplicate the busbars also. The author 
suggests that it is preferable or more economical to 
increase the initial expenditure in obtaining quality 
and strength of parts rather than to duplicate such 
parts. This is not in agreement with the policy adopted 
towards the rest of the system and I do not see why it 
should be carried out on switchgear. Generators and 
cables insulated for 11 000 volts on a 6 600-volt system 
are no substitute for spare plant. I quite agree with 
the author that one good circuit breaker is better than 
two of inferior quality, provided that the inferior 
breakers are not able to cope with the short-circuit 
power, but then no breaker that cannot deal with the 
maximum short-circuit power should be installed in 
a central station. There are certain advantages 
attending the use of duplicate breakers and these 
should not be forgotten. Spare breakers are certainly 
useful because an attendant can ruin a breaker by 
closing too frequently, on a fault or at too short an 
interval between unit-operating cycles. American manu¬ 
facturers and operating engineers have arrived at an 
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agreement with regard to the duty cycle. The agree¬ 
ment provides that four operating cycles instead of 
two (the British standard duty) and with no time delay 
between cycles will reduce the breaking capacity to 
30 per cent of the rated value. In other words, if the 
operator is going to close the breaker four times in 
succession without hesitation then it is necessary to 
install a breaker having a rated breaking capacity 
times that which would otherwise be required. 
With regard to duplicate busbars, the author states 
tliat it is only on a few occasions during the life of the 
plant that the duplication of busbars may prove advan¬ 
tageous. He infers that it is economical to dispense 
with duplication, I entirel 5 '‘ disagree because I consider 
that duplicate busbars are the most essential apparatus 
in a central station scheme. To give only a few of the 
uses, they provide facilities for boosting the voltage 
on any particular feeder, they provide means for 
receiving a supply from an interconnected generating 
station without running in parallel, and they enable 
non-adjacent busbar sections to be paralleled at light 
loads. If there is only one purpose to which duplicate 
busbars can be put, that is, to provide means for carrying 
out extensions without interruption of the supply, then 
I consider that there is a sufficient warrant for the 
duplication of busbars. The value of duplicate busbars 
is very much reduced if one has not the necessary 
facilities for making full use of them, and in this con¬ 
nection the method of busbar selection is important. 
The author advocates the change-over of busbars 
whilst the circuit is dead. Certainly much switchgear 
could be saved on our systems if it were permissible 
to interrupt the supply and change over the connections 
by hand. In my opinion this is the crudest method 
imaginable. When this method had to be considered 
a few years ago I dismissed it as impossible and agreed 
that nothing but oil selector switches or double breakers 
could be considered suitable. In the event of a busbar 
breakdown it is imperative that the supply should be 
resumed as quickly as possible, but the change-over of 
plugs does not allow of a speedy resumption. The 
advantage conferred by the use of double breakers is 
that the operator has complete control from his desk 
by means of push-buttons and there is no need to 
deputize another person to enter the high-tension room 
for the purpose of busbar selection. A separate busbar 
coupler is not necessary when double breakers are 
provided. In the case of a particularly heavy fault 
it is useful to have a spare brealcer which can be used 
immediately. In an address at the International 
Conference, Paris, Mr. P. V. Hunter said that no serious 
proposals had been made to provide for automatically 
changing over from one busbar to the other in the 
event of a busbar fault. This is quite feasible with 
double breakers and it is possible to change over auto¬ 
matically in about 0 • 8 second. In that time I do not 
think that any of the synchronous machinery will fall 
out of step. The author is very unfortunate in his 
reference to Stepney, and Neepsend at the foot, of 
page 428, because the charge engineer who operated 
the plant at Stepney stated,* afAr saying that the gear 
was in good order: '' The only criticism I have to 
• Electrical Power Engineer, January X922. 


offer is in connection with the method of putting dead 
the busbars when required for alterations, additions, 
overhauls, etc.*' Manufacturers ought to study the 
published experiences of operating engineers. With 
regard to Neepsend, in a discussion at Sheffield in 
connection with the plans for a new power station, 
particular interest was centred on the method of transfer 
of circuits from one busbar to the other without breaking 
load as it was wished to work some of the feeders 
at a different voltage from the rest. With regard to 
Fig. 13, the current densities given for safe ratings 
seem too high and I do not think that we should 
recommend current densities of the order of 1 600 
amperes per sq. in. for current ratings of 600 amperes, 
especially when the British Engineering Standards 
Association are considering a limit of 1 000 amperes 
per sq. in. regardless of the temperature-rise. The 
author’s reference to current-limiting reactors is very 
brief but I judge from his remarks that he is not too 
sure whether they are necessary. I think that the 
short-circuit power on a system should be limited to 
somewhere near 760 000 kVA by means of busbar 
reactors. If one calculates the enormous forces which 
are brought into play by short-circuits of the above 
magnitude I think it will be agreed that reactors should 
be employed not only to reduce the size of switchgear 
but also to protect the whole of the system. Taking 
the case of a 6 600-volt system in which 750 000-kVA 
breakers are used, the loading of the busbars at the 
peak of the short-circuit would be about 1 • 46 tons per 
foot run, for a 12 in. spacing of the busbars. If the 
supports are placed at every 2 ft. along the busbars, 
then the force exerted on each support would be 2 • 9 tons. 
In the case of a short-circuit of million kVA under 
the same conditions the force exerted on each support 
would be 11*6 tons. Breakers can be built to deal 
with any short-circuit power but the effect of electro¬ 
magnetic forces is experienced before any breaker can 
open. Furthermore, if the short-circuit power is not 
limited^ the effect of surges becomes more serious. The 
author refers to the effect of reactance on the duty of 
oil breakers. I do not agree that the introduction of 
reactance imposes a heavier duty on oil breakers, except 
in outlying substations. The worst short-circuit is one 
at the busbars in a central station, and here the addition 
of 10 per cent external reactance to the 10 per cent 
inherent reactance will only alter the phase angle of the 
short-circuit current by about 3 degrees, so that the 
duty on the breaker in its worst location is very little 
increasedf I agree with the author's suggestion that 
breakers should be selected to meet the peak of the 
short-circuit instead of on the B.E.S.A. basis of 6 times 
the aggregate plant capacity. This would give a higher 
factor of safety but it would add about 66 per cent 
to the cost of switchgear because the cost is almost 
directly proportional to the breaking capacity. The 
whole question resolves itself into this: “Is the pur¬ 
chaser prepared to pay extra for the increased factor 
of safety ? “ I think that the present method of stating 
the breaking capacity in short-circuit kVA is perfectly 
satisfactory and that the author's suggestion of stating 
the brealdng capacity rating in terms of generating 
plant output and reactance would be a retrograde 
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step, as this method obtained 10 or 12 years ago. His 
reference to the through " rating for circuit breakers 
is very opportune and I agree that such a rating is 
necessary, say for 1 sec. and 5 secs. This is common 
practice in the United States but it is rarely specified 
in this country. In my opinion, breakers fitted with 
charging resistances should be used for power trans¬ 
formers because I think that these resistances serve a 
useful purpose in reducing switching surges. On 
page 436 reference is made to the use of the hospital 
bar as a reactance tie busbar. I do not think that it 
should be used for this purpose as it has many other 
functions to perform. In selecting breakers, I do not 
agree with the author's suggestion that external reactance 
should not be taken into account in calculating the 
short-circuit current, as this would add enormously 
to the cost of switchgear. The short-circuit kVA 
of a 200 000-kVA station can be reduced to 660 000 kVA 
by means of busbar reactance. In this case apparently 
the author would recommend the installation of breakers 
rated at 2 million kVA and this would treble the cost 
of the switchgear. No reactance is shown between the 
hospital bar and the tie bar in Fig. 21, I think that 
it is current practice to include this and I presume 
that its omission was not intentional. In connection 
with bakelized paper Condenser bushings referred to on 
page 437, I consider that the l-miniite test is not all 
that could be desired. Many bushings wiE stand up 
•to the test pressure for 1 minute, but it is always the 
time factor which determines the reliability of the 
bushing. It would be much better to apply a lower test 
pressure for half an hour. In the design of condenser 
bushings for metal-clad gear it is not possible to make the 
male and female bushings for the plug-and-socket portion 
on the orthodox condenser principle, because the outer 
condenser layer of the male bushing is at earth potential 
and the inner condenser layer of •the female bushing is 
at •the line potential, so •that, when ■the •two engage, 
the arrangement of the condenser layers has to be 
arranged to suit •these condi'tions and, in consequence, 
perfect grading cannot be obtained. The final design 
has to be a compromise between a bushing with high 
flash-over pressure and a comparatively low puncture 
pressure, and vice versa. With regard to the ring¬ 
main scheme of protection shown in Fig. 28, I should 
like to ask if this scheme has been put into extensive 
coimnercial use. All engineers are looking for cheaper 
switchgear for ring-main substations, but the scheme 
shown in Fig. 28 appears to be defective in that the 
transformers themselves are not protected. The switch 
fuses are apparently relied upon for protection of the 
liigh-tension side of the consumers' transformers. I 
cannot see how this will be satisfactory, because a short- 
circuit on the transformer terminals will be just as | 
severe as one on the ring main. It is very desirable 
that a scheme of this sort should be available if only 
the above defect could be remedied. The author infers 
that the neutral point of a high-tension system should 
be solidly connected to earth. I do not that 

this would be wise, because the shocks to the system 
would be far too ^eat. In his conclusions he states 
as one o^ the requisites for safety and continuity, a 
stable neutral point at earth potential." Does he really 


mean " dead" earthing ? Further, I think that he 
could have included the draw-out feature in his list of 
requisites, because it is very important from the point 
of view of protection of the life of the operator. 

Mr. T. W. Ross : Regarding the protection of 
generators, on page 439 the author recommends relay 
settings of 60 per cent, and an earthing resistance of a 
value which would pass twice full-load current at tlie 
voltage between phase and neutral. Such a combina¬ 
tion would give protection to 75 per cent of the generator 
winding against faults to earth, and a stability ratio 
of 40: 1 when using a relay which takes 0 • 8 VA. We 
went into this question some years ago and found 
that we obtained a much greater stability ratio when 
using a relay having a very much higher impedance 
than the relay mentioned, even with settings as low as 
16 per cent of normal. As a matter of fact we can 
obtain a stability ratio of 70: 1 with a relay set for 
16 per cent of normal. This gives protection to 86 per 
cent of the machine windings'with an earthing resistance 
proportioned to pass normal full-load current. Die 
reason for this improvement is tliat the liigher impedance 
of -the relay tends to force any out-of-balance current, 
which may exist on heavy loads or external short- 
circuits, through the other alternative circuits formed 
by the current transformer secondary windings. By a 
slight modification of the connections a still lower 
setting can be obtained for earth faults Without 
decreasing the stability ratio, and this method is used 
when the earthing resistance is not designed to pass 
sufidcient current to give 86 per cent protection. This 
modification provides for one element of the relay to 
operate on earth faults only, and the otlier two elements 
take care of short-circuits between phases. I agree 
with the author that the value of tlie eartliing resistance 
is very often too high, but the operating engineers in 
this country insist on a high earthing resistance which 
of course necessitates lower relay settings than are 
desirable. In this connection we very often find that 
when we have to supply a generator which is controlled 
by switchgear of another make, the protective gear does 
not give sufficient protection and lower relay settings 
are necessary. A difficulty arises here, as unless the 
par is well designed and carefully manufactured, 
insufficient stability results. With regard to the pro¬ 
tection of feeders, I agree with the author that the 
tendency is to have relay settings which are too low. 
To my mind the protective gear for feeders is most 
useful in maintaining a continuity of supply and not 
so much in preventing damage to cables. If, therefore, 
■this object can be realized with relay settings com¬ 
paratively large, there is no object in impairing the 
stability of the system with low settings. In the past, 
and even to-day, certain engineers when purchasing 
switchgear or protective gear place too much importance 
on the sensitivity of relays or protective systems. The 
system of inertia relays described by -fche author is very 
ingenious, and I would suggest that if relays having a 
slight inverse time-limit characteristic were used on 
balanced protective schemes very many of the troubles 
due to abnormal traAient conditions would be over¬ 
come. Such relays could also ’ be shunted by non- 
inductive resistances to provide a by-pass for high- 
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frequency capacity currents which may exist in the 
main cables due to surges. The author mentions time- 
lag devices for use as discriminative protection on 
feeders. Such protection is certainly not ideal, but 
one is very often faced with the necessity of an alter¬ 
native to the expensive instantaneous balanced protec¬ 
tive gear which requires special cables or pilot cables, 
and something of this nature then has to be resorted to. 

It is a well-known fact that a short-circuit will soon 
cause synchronous machinery to drop out of step, and 
it is here that time-lag devices have their limitations. 
Some years ago there was a referendum of the operating 
engineers in America in order to come to some agree¬ 
ment as to the length of time for wliich it was possible 
to hold a short-circuit, and it was then decided to allow 
a maximum time-lag of 2 secs. It is therefore apparent 
that this maximum time of 2 secs, must be split up into 
fractions of a second if several circuit breakers are in 
scjrics. This means an accurate type of relay which wll 
discriminate with diflerent time settings of a fraction 
of a second. A very good type of relay for this purpose 
is an induction relay having inverse time-lag charac¬ 
teristics and so designed that for heavy overloads the 
iimc-lag becomes approximately of a definite value. 
Such relaj^s can be obtained with a maximum time-lag 
of not more than 2 secs, on short-circuit and this can 
lie split up into 4 or 6 equal parts for switches in series. 
If, iu^uldition to overload settings, directional features 
arc added, protection can he obtained for ring mains, 
Xmrallel feeders and supply networks. This form of 
protection is very largely used in America and on the 
<!ontincnt. I agree with the author that reverse-power 
relays are practically useless for the protection of 
generators. Some engineers contend that they should 
be added to take care of a failure of the prime move^ 
and it is possible by suitable connection to use such , 
relays to protect against failure of the generator field, j 
hut on the whole I think that it is best to leave ^em 
out. I was interested in the lantern slide which shows 
sm emergency trip situated near the machine. I 
consider that this is a very necessary feature wh^ere the 
mttchine may be some distance from the contaol ^ard 
or in fact may be in another room. The engme 
■would then have some control ova: the machme in the 
event of trouble with the prime mover, and this is much 
better tlian reverse-power relays. I cannot urge too 
strongly the need for rapid isolation of a faulty generator 
and in this connection I do not agree with ^e author 
that the tripping of the automatic field switch sto^d 
take place after tlie main switch has opened. We “ade 
a number of tests to prove that it was P^eifrable to 
trip both switches simultaneously, and we ^ 

it is necessary to do so. This was fu% “ 

Mr Kuvser's paper * before the Institution. I do not 

field switch should not be operated as a 
Tn retrard to the balancing of protective transfomers 
I should like to know whether ^® 
anv difficultv in mamtainmg a balance on the traM 
formers when they are eventually mount^ in &e 
cast-iron housing. We find that it is difficult to get a 
perfect balance when the protective transformers axe 
« Journal IS.S., 1921, vol. 60, p. 176. 


supplied by other makers to fit in our ironclad gear. 
This is, of course, frequently necessary when tiie switch- 
gear at both ends of a feeder is not of the same make. 

I am sure that metal-clad gears -will have a great futme, 
but a note of warning which I would give to operating 
engineers is that simplicity is essenti^ to success. 
We have been used to what we call fadlities in the open- 
t 3 q>e gear of the past, but these facilities are perhaps 
not so easy to obtain in the metal-clad gear. I telieve, 
however, that the other advantages much outweigh the 
loss of what is very often an unnecessary feature. 

Mr. H. A. Ratcliff : The auflior refers to the risks 
to continuity of supply arising from the unnecessarily 
sensitive settings of protective relays, and there is no 
doubt that within reasonable limits the higher the 
settings the greater the stability, of a system. Modem 
plant should be capable of withstanding momentarily 
very considerable overloads. Metal-dad reactances 
appear to possess some distinct advantages, and ^®y 
are a natural corollary to metal-clad switchpar, but 
their use involves some incidental difficulties. T e 
efiective earthing of the metal sheathing—usually lead-- 
is a matter of considerable importance, but the best 
method of effecting it is by no means obvious, since 
provision must also be made to prevent troubles arising 
from the comparatively high pressure which “^7 ®® 
induced in the metal sheath. It is essent^ that 
reactances should be absolutely reliable, since ffiey are 
intended as the final safeguard in the event of severe 
short-circuits occurring on a system, and therdore it 
hardly appears desirable to adopt a form of consteuebon 
which possesses all the inherent weakne^^ of cable, 
fnrtlier accentuated by the severe conditioiw ^“8 
from electroniagnetic forces and induced^ . 

considerable magnitude. Although I am m 
with much of what the author saj^s on t^*® ^ 

duplicate busWs and change-over 
nevertheless of the opinion ftat ^® 
their advantages. In connection with substation 
tion more particularly, thare are occasions when it is 
.v» d,,i»bl. to b. .bl. to ebui. 

l icoit ov« from ^0 some, ol »pply « 
without interrupting it. The separation o 
in e.h.t. metal-clad switchgear appears to be a matt« 
ot very great importance, and without su^ separation 
k k?v no mea^ evident that metal-clad gew would 
be in Ly W superior to ceUular gear in the event 
of an in^al short-circuit occurring between P^^- 
In fact the resulting conditions in the ™^%ental 

Si might be the more severe 0^8*° 
daneers^arising from the destructive distdlation of ffie 

imSSnnSLg. The analogy with three-cme cable 

is hardly applicable, since cables are mvaria ^ P 

, "St 

with the author’s views on the B.E.S.A. memo 
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determining the necessary breaking capacity of oil 
switches. In the case of switches employed on large 
interconnected generating and transmitting systems 
there appears to be little, if any, justification for the 
B.E.S.A. method of computing the switch ratings. 
In this connection it would appear that actual switch 
ratings are very elastic, and consequently a switch 
may have its rated breaking capacity increased from 
160 000 to 250 000 kVA vrithin a period of a few days, 
presumably on the strengthfof its observed behaviour 
under known operating conditions. The whole subject 
of switch ratings, however, still calls for full and careful 
investigation and standardization. Charging resis¬ 
tances incorporated in the construction of circuit- 
breaker moving contacts are most unmechanical, and 
therefore undesirable; but unfortunately experience 
has shown that they are at times necessary in order to 
protect the end-turns of machine stator windings where 
no other form of protection is available, and also more 
usually to prevent the inadvertent operation of pro¬ 
tective gear of the balanced-current t 3 rpe. It is probable 
that with modern plant having the end windings properly 
reinforced, and with thoroughly stable protective and 
overload devices having reasonably high settings, 
charging contact resistances are not really necessary. 
The author's remarks on the subject of reactances are 
very apposite as there is no doubt that the indiscriminate 
emplo)anent of reactances may be easily overdone. 
Reactances should be employed not so much for the 
purpose of permitting the use of switches having a 
smaller rupturing capacity than would otherwise be 
necessary, as for preventing enormous concentrations 
of energy in the event of short-circuits occurring in, 
or in the immediate vicinity of, generating stations, 
and also for minimizing the effects of such drastic 
disturbances by enabling the pressure on other portions 
of the system to be maintained above the value at 
which synchronous plant falls out of step. Reference 
to current transformers of the single primary turn or 
b^ type was inevitable in a paper of this desqjription ; 
within their limitations there is much to be said for them, 
and they possess undoubted advantages, but it is 
essential to recognize their limitations. The single-turn 
type of cunrent transformer is most desirable for use 
on e.h.t. circuits, but unfortunately these are usually 
just the circuits for which it is least suitable owing to 
the comparatively low values of the primary currents. 
As a general rule, current transformers of tliis type 
may be used with advantage for ammeters and overload 
relays, but except on heavy-current circuits they are 
useless for watt-hour meters, and unreliable for pro¬ 
tective gear of the balanced-current type. Core-balance 
methods of protection, where possible, afford a reliable 
means of overcoming the inherent defects of single- 
turn current transformers in this respect. The value 
of so-called high-frequency surge arresters is, to say 
the least, open to question, and certainly on an under¬ 
ground transmission system the cables themselves form 
the best possible high-frequency surge arresters. The 
danger attaching to the use of oil-immersed isolating 
switches is not perhaps always recognized as it should 
be, andrtherefore the author's reference to the subject 
is particularly appropriate. I cannot agree with the 


author that there should be no resistance at all in the 
connection between the neutral point of a high-tension 
system and earth, since every earth fault would then 
amount to a short-circuit with all the usual incidental 
effects. Moreover, the resulting damage at the fault 
would be very much greater, and the effects of the 
heavy earth currents might be most serious in other 
respects. The essential requirement of the neutral 
earth connection is that its resistance should be suffi¬ 
ciently low to ensure the reliable operation of the 
various fault protective devices on the system. I am 
in complete agreement with most of the author’s remarks 
in regard to cable protective gear, and observe with 
interest that he now fully appreciates the importance 
of the transient capacity currents in the main cables, 
quite apart from the effects of the capacity currents 
in the pilot conductors. The non-inductive shunting 
of protective relays has been adopted with a consider¬ 
able measure of success on the Manchester 33 000-volt 
S 3 rstem. The protective scheme illustrated in Fig. 32 
is very ingenious and should be quite effective; but 
tlie discriminative bias by means of relays possessing 
different time characteristics is undoubtedly the weak 
feature. The real value of the quick-acting relays 
probably lies in the fact that they constitute a per¬ 
manent load on the current transformers, with the 
result that the pressure applied to the pilot cables is 
reduced, and if transformers of the closed-core type 
are employed, the lower saturation in the cores due to 
the secondary load enables the transformers to be 
balanced • more accurately. The objections to the 
Hunter four-core system of cable protection are the 
apparent unbalanced capacities of the three phases to 
earth and the necessity of making all joints core to 
core, since in practice ihis is extremely difficult and in 
some cases almost impossible. 

Mr. D. R. Davies : After several unfortunate expe¬ 
riences and shut-downs, due to overrated and out-of- 
date cellular gear, some operating engineers *'are now 
looking hopefully to the metal-clad type. The author 
speaks feelingly of the troubles peculiar to open-type 
gear, and it would add considerably to the value of 
his paper if he would also record the troubles experienced 
with metal-clad gear. The manufacturer rarely has a 
free hand in obtaining sufficient space for his switchgear, 
and it is not right to condemn cellular gear because 
of troubles experienced with a layout squeezed into an 
existing building. I know of three disastrous fires 
which have occurred in switch rooms during the past 
12 months, and it is rather significant that all of them 
were equipped with Continental switchgear. Interlocks 
are very simple and cheap for metal-clad gear of the 
draw-out type, but they become very complicated on 
designs haying oil-immersed selector switches similar 
to those shown in Figs. 7 and 25. It is no easy job, 
for example, to design simple interlocks which will 
ensure that all contacts within an oil-immersed busbar 
selector switch are dead before the removal of the tank. 
Interlocks on large cellular layouts are also fairly 
expensive, because when required it becomes essential 
to operate all isolators and selectors by a remote 
mechanical drive. Perhaps the best feature of metal- 
clad gear is the ease with which the circuit breaker 
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can be withdrawn in case of emergency from one circuit | 
and plugged into another. In fact, American manu¬ 
facturers are now supplying breakers for cell mounting 
built on a carriage in order to incorporate this feature. 
Whatever may be our individual views on the necessity 
for changing over the breaker from one busbar to another 
without interrupting the supply, the fact remains that 
this is possible with cellular gear and further does not 
involve additional complications in the layout, or incur 
additional expense. .The majority of supply under¬ 
takings requiring metal-clad gear do not regard the 
necessity for changing over on load as important, and 
in the few cases where the purchaser insists in this 
feature he must be prepared to pay more for the metal- 
clad type. It is safe to say that 90 per cent of the 
supply undertakings in this country would be prepared 
to accept metal-clad gear which would not permit 
changing over from one busbar to another on load. 
The manufacturer is not therefore justified in increasing 
the cost of a design which is almost universally accept¬ 
able. It occurs to me that the class of operator who 
would open an isolator on load and cause a large station 
to be shut down three times in one year is just as likely 
to forget to change over all the plugs on the metal-clad 
gear shown in Figs. 8 and 14. This may result in the 
accidental coupling of busbars, and I think therefore 
that an oil switch as shown in Fig. 14 should be provided 
with ^an interlock which prevents the switch being 
racked home on the bars with the plugs incorrectly 
inserted* Of the schemes submitted by the author 
for changing over on load, that shown in Fig, 10 using 
two breakers is the best but is expensive and requires 
double the floor space. The author's idea that it is 
better to spend money on one good breaker instead 
of two of inferior quaUty would not be very convincing 
to an engineer , who regarded continuity of supply as 
his main object. The factor of safety of the oil circmt 
breaker should obviously be the same no matter which 
scheme lis adopted, so that if an operating engineer 
decided that one breaker would give him the desired 
flexibility he would hardly be justified in buying a 
rating exceeding his requirements simply on the score 
of increased security. If the author’s point of view is 
correct it would be better on a 6 600-volt system to 
lay one 11 OOO-volt cable for a feeder instead of running 
two 6 OOO-volt cables in parallel, in order to obtain a 
greater factor of safety on the cable insulation. For 
two reasons it is not good practice to put two switches 
into one tank as shown in Fig. 11, viz. (1) when the 
switch on the right opens, the inner arc is blown to 
the left across the centre contact, and when the switch 
on the left opens, its inner arc is also blown across the 
centre contact, and (2) the tank is always eccentrically 
placed in relation to the arcs from which the explosion 
is initiated, and the interruption of a severe fault may 
cause the tank to be displaced sideways. I should hke 
to ask the author whether he regards the design of 
breaker shown in Fig. 7, which has a single horizontal 
break as being superior to one having .two vertical 
Keata in seril The single horizontal is formed 
substantially parallel with the surface of the oil, and on 
a heavy faujt one would reasonably expect the magnetic 
field to blow the arc upwards with sijch violence that 
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it would extend beyond the oil-level in the tank, whereas 
in the conventional double-break switch as both arcs 
are drawn down deeper into the oil this must reduce the 
risk of flame emission. Moreover, using the same 
depth of tank it would be possible with a two-break 
switch to double the head of oil above the arc, which 
would not only reduce the risk of flame protrusion but 
also provide better facilities for cooling the liberated 
gas before reaching the oil-level. It would be inter¬ 
esting to know whether the construction shown in 
Fig. 7 has given satisfaction in service and, further, 
if this particular design of breaker has actually inter¬ 
rupted faults of any magnitude without showing signs 
of distress. The number of double-break switches 
which are meeting their guarantees are so numerous 
that responsible engineers and manufacturers should 
regard any distinct departure with diflidence. More¬ 
over, different ratings of the double-break type were 
tested at Baltimore and proved their suitability for 
dealing, with large amounts of power. The testing 
facilities at the disposal of the British switchgear manu¬ 
facturer are far too limited. Even the fortunate ones, 
who also make large machines, can only rely upon a 
maximum of 200 000 kVA being available when it is 
desired to test out a circuit breaker. We are therefore 
forced, when considering the possible performance of 
the circuit breaker on a large system, to rely upon the 
data obtained from field tests carried out in America. 

I fully appreciate the excellent work done by the British 
Electrical and Allied Industries Research Association, 
but however convincing their final recommendations 
may be, we shall still lack the testing facilities necessary 
for proving the possibilities of the super-station circuit 
breaker, until the supply undertakings in this countiy 
realize the mutual advantages of co-operation wi"^ 
the manufacturer. The author shows very clearly in 
Fig. 18 the various values of current which a breaker 
may have to interrupt on short-circuit. The chances 
of a fault developing and reaching its maximum value 
at the exact moment at which the arc-tips separate 
are very remote. For example, if the arc-tips were to 
separate 0-02 second later than the point C in Fig. 18, 
the current to be broken would be 14 instead of 20 
times full load. I think, therefore, that the author is 
perhaps unconsciously providing an excuse for a weak 
breaker failing to do its duty. There seems to be a 
tendency, both by some manufacturers and also by 
supply undertakings, to take the British Stand^d 
Specifications too literally. My experience has mdicated 
that the various clearances, lengths of insulators, etc., 
recommended are, as stated in the Specification, mmi- 
mum values. The breaking capacity of a circuit 
breaker has no reference to any particuto system ^d 
the breaker is sold by the manufacturer for a specified 
current and voltage. The effect of reactance or power 
factor, or its probable position in any particular system, 
should all be considered carefully by designing 
engineer before deciding on its short-circmt rating. 
Sometimes a purchaser does not state in his specification 
the breaking capacity required, but gives 
plant capacity of the station and leaves the manu¬ 
facturer to offer a breaker which he consider^ suitable 
j for the conditions. In these circumstances it is necessary 
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for the manufacturer to state in his tender the assump¬ 
tions made in arriving at the short-circuit current to 
be interrupted. Otherwise the buyer may assume that 
the circuit breaker is capable of dealing with any value 
of the short-circuit current. Whether a circuit breaker 
will withstand the repulsive forces due to through 
currents of the order of 100 000 amperes or more, 
depends mainly on the design of moving contact used. 
The insulators surrounding the stems are analogous to 
cantilevers with a distributed load, and apart from 
their inherent strength to resist the repulsion it is safer 
to use a brush, which effectively locks the ends of the 
stationary contacts together, in order to prevent de¬ 
flection. One type of moving contact which is capable 
of locking the ends of the stationary contacts together, 
and also increases the bedding pressures of contact as 
the current increases, is the “ Y'' brush, shown in 
Fig. B herewith. This brush was developed in the 



Fig. B. 


United States by one of the leading manufacturers and, 
after exhaustive tests had proved other types unsuitable 
for withstanding the passage of large '* through ” 
currents, completely justified the claims made by the 
designers. At that time American engineers were con¬ 
sidering the advisability of rating oil circuit breakers 
on the 6-shot basis. To meet such a rating the breaker 
would be required to interrupt its guaranteed short- 
circuit current five times in succession and then be in 
a condition to carry its rated load continuously. Sub¬ 
sequently, breakers fitted with the Y " brush were 
tested at Baltimore and interrupted arc currents of 
the order of 20 000 amperes (R.M.S.) at 13 000 volts 
seven times in succession. Even on the last shot the 
current transferred from the main path to the shunt 
path through the arcing contacts without causing 
pitting or welding on the brush face. It is doubtful 
whether such a performance would be realized with 
finger contacts as used for the switch shown in Fig. 14. 
Although finger contacts increase the bedding pressure 
on the moving element with increase in current, this 
increase, in pressure is not sufficient to lock the ends of 
the stationary insulators together and prevent them 
splaying outwards 2 ^ the ** Y ** brush does. . I should 


like to mention incidentally that the repulsive forces 
are always greater in an oil circuit brealter than those 
calculated by means of the usual formulie, because in 
deriving the well-known expressions no allowance is 
made for the increase in flux due to the presence of the 
tank. In certain cases where a circuit breaker is fitted 
with a rectangular or elliptical tank, the throw-off 
force may be as much as 50 per cent more than would 
be obtained by neglecting the presence of the surround¬ 
ing iron. I am surprised to note from Fig. 14 that 
the author advocates the use for metal-clad gear of 
what are apparently porcelain insulators. These insu¬ 
lators are liable to crack when filling the hoods with 
hot compound, and such cracks are very difficult to 
detect, even with a high-pressure test. Further, if a 
porcelain becomes badly chipped or cracked in service, 
the complete hood must be returned to the manufacturer 
to have the damaged insulator replaced. Bakelite 
insulators have the great advantage of not being brittle, 
and although of course they are liable to surface damage 
by careless attendance, this can be repaired on site with 
far less inconvenience and expense to the purchaser. 
However much care is taken in producing a reliable 
potential transformer, and whatever test the manu¬ 
facturer is prepared to subject his product to, operating 
engineers will alwa 3 rs insist on the provision of fuses on 
the high-tension side. I believe I am correct in assum¬ 
ing that the metal-clad gear in Fig. 7 accomn^pdates 
the potential transformer and its fuses in the oil- 
immersed feeder isolator tank. Consequently, it is 
necessary to open the oil circuit breakers at each end 
of the feeder, or, in the case of a generator, cause a 
complete shut-down before the transformer or its fuse 
is rendered accessible. This arrangement is so incon¬ 
venient that I think operating engineers are justified 
in demanding metal-clad gear, which enables inspection 
of the potential transformer and makes re-wiring of the 
fuses possible without causing interruption to the supply. 

Mr. P. B. Hall: I quite agree with tlie author ^at 
the term " foolproof " which is sometimes applied to 
electrical apparatus is a misnomer, but it is extremely 
difficult to make apparatus so mistake-proof at c6m- 
mercia! prices that it cannot be deliberately abused 
or used incorrectly. On page 426 the author advocates 
all-metal enclosure for all electrical apparatus, even 
up to lighting fittings. This is very good tlieoretically 
but is not very practicable, and in any case would be 
too expensive for the vast majority of installations. 
On page 427 he refers to the '' development of metal- 
enclosed switchgear," but I do not agree with his 
assumption that the air-insulated types, or in other 
words the cubicle and truck ‘fypes, are a " half-way 
measure." As regards these and their " safety factor " 
(which is the main point), the act of withdrawing the 
truck from its container in most cases isolates right 
back to the busbars, due to the intervention of shutters, 
while cubicles, at any rate so far as my firm are 
concerned, are always interlocked so that the contacts 
back to the. busbars are dead before the door of the 
cubicle can be opened. As regards such interlocking, 
about nine months ago I was in a new power station 
which had a large installation of high-tension switch 
cubicles without^ an interlock anywhere, so that once 
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anyone was in tlie switch toom he could at any time 
open the door of a high-tension cubicle and walk inside. 
This I consider to be bad practice. There are advan¬ 
tages and disadvantages in filling in busbar chambers 
solid with compound, but I consider that the disad¬ 
vantages frequently outweigh the advantages, and 
there is a great deal to be said for the greater accessi- 
bdity of the cubicle or truck type of gear for very 
high capacities and voltages in the event of faults, and 
in this connection I think that the words " the distinct 
inacessibility of every conductor ** which the author 
claims for the compound-filled gear are rather an unfor¬ 
tunate expression. Referring to the ** metal-clad switch- 
gear construction ” mentioned at the foot of page 427, 
the author gives three types of isolation, namely, 
horizontal, upward and downward types. In the 
downward tvpe of isolator—with which the author 
credits my firm—^the live socket contacts in the isolating 
chamber are also deeply recessed just as they are on the 
horizontal type to which the author refers, and the 
isolating jaws before insertion into the isolating contacts 
are passed through slots in an insulated shield. In the 
illustrations of the three classes of the horizontal, 
upward and downward isolation, which the author 
shows in Figs. 4, 6 and 6, and which he says are 
diagrammatical of classes only. Fig. 6 shows the down¬ 
ward type referred to above. He also shows each 
t 3 rpe ha’sdng the busbar chambers filled with compound, 
but I certainly do not agree with him when he 
says (see page 427) that these metal-clad types of 
switchgear are generally of the solid type—if by this 
he means having compound-filled busbar chambers. 
In ..spite of all the tests made on such alternators as 
are available, a great deal still requires to be done 
in respect to fixing the kVA breaking capacity of 
switches for commercial use. Although I agree with 
the author’s remarlcs in regard to insulation troubles 
on page 437, unfortunately the trouble is that whilst 
most of» us are continually improving insulation, and 
thereby as a rule incidentally adding to our costs, the 
user generally objects to pay more for the gear. 

Mr. A. Bannister {communicated ): While the growth 
of metal-clad switchgear has no doubt been fostered 
by the extreme “ safety first attitude adopted in this 
country towards anyiiiing electrical, it can also be 
claimed that the space limitations imposed upon switch- 
gear designers by those responsible for station* layouts 
have also been a factor in promoting this growth. ^ For 
years past, the switchgear engineer and designer 
has been endeavouring to squeeze, as it were, a quart 
into the pint pot allowed to him. Metal-clad switch- 
gear, whether of the truck, steel cubicle or armour-clad 
type, is the result, as this gear includes the maximum 
of s^ety with a minimum space requirement. It has 
its limits, however, and for voltages over 35 000 it is 
very doubtful whether metal-clad gear is possible until 
our knowledge of solid dielectrics and ^e voltage 
stresses therein under operating conditions is increased. 
For some time to come, open-type gear relying mainly 
on air and porcelain for insulation will be used above 
this limit. After all, these two insulators are ^e 
cheapest available and probably those about which 
most information is available. While the tendency 


has been for switchgear to move towards metal-clad 
types, it is interesting to note a movement in the 
opposite direction ; this is in the case of reactors where 
the oil-immersed iron-core reactor has been largely 
superseded by the open-type concrete reactors, and 
here again space requirement has been one of the 
deciding factors. I cannot agree with the author’s 
implication that the duplication of parts is governed 
by the liability to failure. While in some cases this 
may be correct, there are other cases where the question 
of duplication is decided by the operating conditions 
or requirements of the system layout not connected 
with any possible failure of apparatus. For example, I 
am aware of one large power station where the testing 
arrangements were such that the provision of duplicate 
busbars was practically necessary to enable macliine 
tests to be carried out. Where duplicate busbars are 
provided, the question of circuit change-over without 
interruption of supply has to be considered. The 
author considers this to be an imaginary necessity in 
the majority of cases, but here again I suggest that 
this requirement depends on layout and conditions. 
While duplicate supply to outlying substations may be 
usual on large interconnected systems, it is probably 
exceptional for the general run of smaller systems in 
this country, and in the latter cases, if continuity of 
supply is to be maintained, some change-over device 
without circuit interruption is essential on the outgoing 
feeder circuits. The arrangement shown in Fig. 11 is 
not a very satisfactory one as the central main contact 
is in an unsuitable position. Apparently the main 
contact of one s^vitch becomes the arcing contact of 
tlie other, an arrangement that is hardly to be recom¬ 
mended. On page 429 it is apparently hinted that 
there are cases when a busbar coupler switch is not 
required. This can only occur when the busbars are 
paralleled through the isolators or similar devices. 
When this is not possible a coupler switch is essential, 
especially if dupUcate supplies are given to substations, 
otherwise there is the possibility of paralleling bars out 
of synchronism through substation connections. W^e 
cannot safely say that any particular type of apparatus 
is free from insulation failure. If such a failure occurs 
the duration of any arc formed will depend on the 
position of the fault or the sensitiveness of the protective 
gear. If the failure is outside the protected zone one 
is inclined to the view that the arc is likety to continue 
for a long period and that more damage would result 
to metal-dad compound-filled units than to the other 
types, due to the positive metal-to-nietal circuit and 
the inflammable and conducting nature of the vaporized 
compound and metal. If complete separation of the 
phases in different floors or buildings does not prevent 
phase-to-phase faults, as stated, it can hardly be 
expected that metal-clad switchgear witlr its close 
spacings will be free from similax troubles. The subject 
of circuit-breaker rating and design is worthy of a paper 
: to itself. WhUe there are still many points to.be learnt 
about breaker operation under fault conditions, several 
Icnown points are often overlooked by users and 
designers. While agreeing with the author that failures 
have been due to mechanical weakness, these have 
more probably been caused by secondary explosions 
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and not by the immediate results of the rupture of the 
circuit. Records of short-circuit tests carried out a 
few years ago, where powers up to 600 000 kVA were 
interrupted, showed that the pressures recorded near 
the contacts varied between 100 and 150 Ib./sq. in., 
but when a secondary explosion occurred a value of 
over 600 Ib./sq. in. was reached. Dr. Garrard in a 
recent article showed the danger of these secondary 
explosions and pointed out that not only is the resulting 
pressure 3-4 times that due to arc energy but this 
higher pressure is generated in a much shorter time, 
thus rendering it doubly dangerous. In one case while 
the arcing period was 0 • 02 sec. the pressure due to a 
secondary explosion reached its maximum in 0 • 004 sec., 
0*014 sec. after the rupture of the circuit. It is 
the latter elfect that should be remembered, and the 
object of the designer should be to design the breaker 
so that when interrupting its rated short-circuit kVA 
there should be no possibility of the mixture of gases 
above oil-level being fired by the arc of rupture. Mention 
is made of speeding up the velocity of the contacts to 
reduce arc energy, but it is often overlooked that the 
thro\v-off forces due to electromagnetic repulsion 
resulting from large fault currents are generally far in 
excess of any mechanical loading of the moving element, 
and these will probably decide the speed of break under 
faxxlt conditions. Mechanical loading should only be 
used to give quick operation under normal conditions, 
A single tank with steel phase barriers tends to increase 
. the mechanical strength of the brealcer, but care should 
be taken to ensure that the tank is equally strong in 
all directions. The design illustrated in Figs. 14 and 16 
appears to be weak to some extent both electrically 
and mechanically, owing- to the fact that the phase 
barriers are not continuous tlirough the tank. I am 
pleased to note that the author deprecates the use of 
ch^ging resistances. They are a constant source of 
irritation to designers and it often appears to be over¬ 
looked by users that these resistances increase the 
impedance of the breaker during fault conditions. As 
their thermal capacity is small they are likely to cause 
trouble in such cases. On the subject of rupturing 
capacity (see pages 432 and 433) the author is surely 
confusing the actual rupturing capacity of a breaker 
with the rupturing capacity required of the breaker 
when used on a particular system. This confusion is 
apparently due to the fact that rupturing capacity is 
being t^ked of in terms of plant capacity, a practice 
which is not to be recommended. As far as we can 
tell at present, the short-circuit rupturing capacity of 
a breaker is a fixed value in amperes under prescribed 
conditions. The proposed American standard specifica¬ 
tion recognizes this and states the breaking capacity 
^be a certain number of amperes at a definite voltage. 
The B.E.S.A. specification combines the same current 
figure with the rated voltage of the breaker and the 
circuit constant to give a kVA value, a figure from 
which an attempt is being made to rate the breaker 
in terms of plant capacity. With this fixed rating, the 
question of the size of breaker to install on a given 
system is one for the operating engineer, who must 
balance Jhe possible risks against costs. He can either 
mstall a breaker rated tp interrupt the fault current 


at D (Fig. 18) and chance its failure to do so should it 
operate at the point C, or pay the additional cost for 
breakers rated to interrupt the larger current. If the 
first alternative is taken, the design of the breakers 
must be such that they will withstand -the mechanical 
forces due to the current at C. As in practically all 
cases the application of breakers is based on -the lines 
indicated in the appendix to B.S.S. No. 116, present-day 
breakers are designed to meet this requirement. The 
confusion of actual rupturing capacity with the applica¬ 
tion of brealcers for a given plant capacity suggests that 
the question of the duty cycle of oil circuit breakers is 
not clear; it would therefore appear desirable to have 
a more definite statement on this point than Clause 62. 
The suggested American standard specification would 
form a very good basis upon which to start. Dealing 
with other components, very probably most engineers 
will agree -that the bar-primary current transformer is 
the best type to install on large systems, but many 
operating engineers still require manufacturers to 
attempt to reconcile small current-capacity designs of 
this type witli B.E.S.A. specification requirements for 
ratio and phase-angle errors. Excess-pressure dis¬ 
chargers present a problem on compound-filled metal- 
clad units if required, but these are usually omitted on 
cable systems. Arresters for overhead lines should be 
placed outside the station as they are practically part 
of the line equipment. The use of cable as a type of 
condenser arrester may be satisfactory in this country 
where lightning storms are infrequent and not severe, 
but such a device could hardly be considered efficient 
for the severe Hghtning conditions in other countries. 
Incidentally one would like to hear the cable maker's 
comments on this practice. The arrangement illus¬ 
trated in Fig. 27 is a very cheap scheme for controlling 
the high-pressure side of a small transformer, but it 
would be interesting to know what happens when a 
fuse has to be replaced in wet weather. Although the 
lid may be replaced in a short period the waler that 
would enter the case would seriously reduce the electric 
strength of the oh. In the various schemes of pro¬ 
tective gear no mention appears to have been made of 
the modification of the Merz-Price circulating-current 
system patented some four years ago. This modification 
consists of the connec-tion of a relay between the usual 
relays and the earth lead of the circulating-current 
system. This scheme permits of a coarse setting for 
the phase relays and, with a standard leakage relay, 
approximately 95 per cent of tlie winding is protected 
against earth faults. In conclusion, tlie simplification 
of protective schemes seems to be desirable as the 
variations of the balanced principle are becoming 
numerous with a gradual increase in the number of 
parts required. 

Mr. S. R. Mellonie (commumcaied) : The most 
singular feature of the paper is the omission of any 
reference to potential transformers. The title certainly 
covers these components, and it may be asserted without 
fear of contradiction that more -trouble is caused by 
the breakdown of poten-tial transformers than of current 
transformers, to which considerable space is devoted. 
The rupturing capacity of the fuses used to protect 
the h.t. side of these instrument transformers is round 
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about 2 000 kVA, being somewhat higher for the carbon^ 
tetrachloride fuse with spring-accelerated break, and 
less for the dust-filled fibre-tube type on lower voltages. 
The expulsion t 3 npe of fuse has an intermediate rupturing 
capacity and a distinct advantage over both, inasmuch 
as re-wiring is a simple matter. The location of this 
type demands careful consideration, however, as flame 
is expelled during the operation. These figures empha¬ 
size the necessity of providing current-limiting devices 
to enable the fuses to deal with faults to earth or 
between phases. Resistances are available in the form 
of a composition rod with a carbon-silicon base, and 
would appear to be an attractive proposition. Unfor¬ 
tunately these are not reliable, tests showing erratic 
variations in resistance after sendee.* These rods are 
also very brittle, and instances are on record where 
the cost of replacement due to breakage is unduly high. 
Such difficulties have led to the de^felopment of wire- 
wound resistances for this service, and quite simple 
designs have proved successful under dead short- 
circuit “ tests. On systems up to 37 kV the value of 
the ohmic resistance as determined by the limitation 
of the fuse is always so low that the question of inter¬ 
ference with the regulation of the transformer does not 
arise. A rating of 0 * 1 sec. has been found quite suitable 
and during the test the wire glows red, the temperature 
being between 600 and 800"^ C. To obtain the requisite 
thermal capacity, the current density for a given 
material is limited, and this fixes a minimum length 
of wire for a given voltage, irrespective of the diameter 

♦ Compare curves published by Steinmetr. 


of the wire. Another point deserving more attention 
is the size of wire used for the primary windings of 
potential transformers. Many designers use No. 40 
S.W.G. (0-0048 in. dia.) wire, tod it is open to question 
if this can be justified as an engineering proposition. 
The slight increase in cost and bulk of a transformer 
using, say, 0-01 in. dia. wire would be more than 
compensated by the increased reliability. The specifi¬ 
cation and adoption of 0*01 in. or 0*02 in. dia. wires 
as a minimum would seem to be desirable. Several 
cases have occurred where elaborate and expensive 
protective systems have failed to function due to the 
trip coil being open-circuited, and this is a serious 
matter. In all these cases the coils were wound with 
wire less than 0*01 in. dia. The majority of modern 
oil circuit breakers axe tripped by the excitation of 
separately supplied trip-coils, and this method has 
several advantages. The coil does not normally carry 
current and so consumes no energy. Owing to the 
short time rating a small coil gives the necessary blow 
to release the mechanism. It does not, however, fail 
to safety. This desirable characteristic can easily be 
obtained by the use of tripping mechanism with a 
no-volt feature, the various protective relays being 
arranged to open a coil circuit which releases a weight 
or catch to trip the switch. This method is not in 
favour at present and has several disadvantages, but 
possesses the distinct virtue that any failure becomes 
obvious. 

[The author’s reply to this discussion will be found on 
page 464.] 


South Midland Centre, at Birmingham, 18 February, 1926. 


Mr. W. Wilson : I am in agreement with the correct¬ 
ness of the ” stability ratio ” for estimating the value 
of protective gear. This implies that, first, the gear 
must be stable for aU external short-circuits that 
can pass through tlie equipment, up to, or even ex¬ 
ceeding if necessary, 20 times the normal value of the 
load. When this condition has been fulfilled, the 
sensitiveness of the operation for fault currents must be 
as great as can possibly be obtained by the designer. 
The author appears to deprecate the use of fine fault 
settings as being unnecessary for efficient protection, 
and from the figures quoted in the case of feeders, 
viz. 2 to 3 times normal full-load value, it would seem 
that a very low standard in this respect is advocated, 
and I think that a few words upon this point will not 
be out of place. If the case of transformer protection 
be first considered, it is not difficult to ascertain the 
degree of sensitiveness for this type of apparatus, and 
to demonstrate that it should be a very high one. 
First, there is the condition that the relays must not 
be operated by through ” currents of about the 
order specified, i.e. about 20 times normal full load. 
Secondly, the other limit is determined by the magnet¬ 
izing current of the transformer, which at no load 
and light loadings is the preponderating current passing 
into the transformer. Since it does not pass out again, 
it behaves exactly as a leak would do, so far as the 
protective gear is concerned, and the protective equip¬ 


ment must be so designed that this current is not 
capable of causing operation. Now the magnetizing 
current for a modern transformer is in the vicinity of. 
5 per cent, and thus the lower limit of fault setting is 
obtained. There is a very strong reason why the sensi¬ 
tiveness should be fixed at this limit if it can possibly 
be managed, as transformer faults in nine cases out of 
ten begin as leaks between adjacent turns of tlie same 
phase. Such faults upset the balance very slightly, 
and, with relays that are unable to trip at this small 
degree of unbalance, the fault has to continue burning 
the insulation until it has reached sufficiently large 
proportions to cause operation. The continued destruc¬ 
tion of the windings of so important a piece of power 
equipment as a transformer is an event to be avoided 
to the utmost extent, since it not only increases the 
element of danger to life and property but also much 
increases tlie length of time over which the apparatus 
is out of commission for repairs. Thus the character¬ 
istic of the ideal protective relay can be deduced. It 
constitutes a curve which is only slightly above the 
minimum of 6 per cent at no load, remains approxi¬ 
mately horizontal until normal load has been passed, 
and thereafter trends upwards at a sufficient rate to 
be above the instability point at all degrees of overload. 
This characteristic, as far as I laiow, can only be obtained 
in its ideal form by a biased relay provided witfei a correct 
counterweight. By virtue of the bias the sensitiveness 
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of the relay is decreased, as the load rises, hy the auto¬ 
matic restraint imposed by the biasing arrangement, 
and thus stability at overloads is obtained. By virtue 
of the counterweight the fault setting is raised as much 
as is desired at no load and light loadings in order to 
bring the curve sufficiently above the magnetizing- 
current point to prevent operation. Dealing now witli 
alternators, it is evident that the finest setting consistent 
with stability is appropriate in this case also, for the 
modern turbo-alternator possesses all the elements of a 
blast furnace except the means of ignition. Once the 
latter has been effectively provided, and failing adequate 
protective devices, a period of only about 10 seconds 
is required to bring about the entire destruction of the 
machine windings. Manual methods are thus useless 
for isolating the machine, and not only is automatic 
protection essential but it must be as sensitive as possible 
in order to reduce the amount of energy tliat can be 
concentrated in the destruction of a portion of the 
windings without being able to trip the relay. Even 
if the setting of the relay be as low as 20 per cent it will 
be seen that in the case of a 10 000-kW alternator it is 
still possible for destructive energy of over 600 kW 
per phase to be employed in setting fire to the insulation 
without any protection being given. The case for a 
sensitive setting is equally strong with regard to feeder 
protection. The autlior has assumed that cable faults 
alwajrs come on suddenly, and that a sensitive fault 
setting is unnecessary. This, I think, is npt quite 
an accurate description of what actually takes place. 
It is true that when mechanical damage occurs to a 
cable the fault usually comes on suddenly, although even 
this depends upon the extent of the damage. It is 
quite otherwise, however, with regard to electrical 
faults, which include those that may be caused by 
overheating the cable, by overstressing the insulation 
in some way, or by faulty manufacture. In any of 
these cases the fault originates as a weak spot in the 
insulation, and is actually a high-resistance leak which 
gradually develops into a complete breakdown. It is 
a fact that by the use of sufficiently sensitive^ relays 
such a fault can usually be detected several hours before 
the breakdown occurs. Not only therefore is it possible, 
by the use of sensitive relays, to remove the faulty 
section before any extra damage is done, but the severe 
shock to the system w^hich occurs when a complete 
breakdown is experienced is also prevented. I think 
that these facts w'ill show that the advantages attending 
+ ^ sensitive protective scheme, possessing 

stability at tlie same time, are very real ones. I was 
much interested in the ''diverter*^' relay, shown in 
l*ig. 32, for decreasing the sensitiveness at overloads. 
It would appear, how'ever, that the restraint added by 
is of a rough description as compared with 
that given by the biasing principle, which is able to 
apportion the restraining effect exactly to that required 
at each value of the load. In addiW, I consider it 
very undesirable that when a single relay is capable of 
doing the work, two of these should be employed 
The use of unnecessary relays and electrical contact^ 
m power station apparatus should, I think, be avoided 
at all possible cost. The second point which I propose 
to raise concerns the reference to the spUt-conductor 


system on page 441, where the author states that this 
system is exceptionally useful where two existing cables 
can be used in parallel on one split-conductor switch. 
I am not of this opinion, since although a certain 
economy in switchgear is possible by adopting this 
system, it involves the waste of an entire cable. The 
characteristic of the split-conductor system is that 
when one of the systems breaks clown it cuts off both. 
Now the great value of having duplicate transmitting 
equipment is just that one unit is left to carry the 
current when the other fails. In such a case the 
parallel-feeder system offers more advantages. lu the 
first place it only cuts out the faulty feeder ; secondly, 
it may be endowed with a bias, and hence it may possess 
the advantages as regards sensitiveness and stability 
that have been referred to above; and, thirdly, the 
protective gear and the switchgear arc very little more 
elaborate than those required for a single split-conductor 
equipment. Hence there is no (jnestion in mind 
that the split-conductor system should not be used 
where two fully-insulated cables are available. The 
only case in which it can be considered competitive is^ 
when there are two paths for the current provided 
which are insufficiently insulated from each other to 
witiistand the full working voltage, sucli as is the case 
in the specially designed split-conductor cables. 

Mr, F. Forrest: It is now the .standard practice in 
large generating stations, both in iliis counlrvo and 
abroad, to provide duplicate pumps and auxiliaries in 
connection with the main units, allhoiigli it will be 
generally conceded that such things as circulating 
water pumps are among the most reliable pieces of 
in the station. It therefore does not seem 
logical to install single main switches for the alter¬ 
nators, as shown by the author in Fig. 20, especially 
as these switches are complicated pieces of mechanism 
and are likely to be subjected to very severe stresses. 

I suggest tliat the duplication of the main oil switches 
is essential in large generating stations. It^ is not 
alwa^j'S the case that a big switch is out of service due 
to an internal explosion, or due to its failure to break 
on heavy short-circuit, but as often as not such a 
switch fails due to some minor defect in connection 
witlr the switch-operating circuits, or to the operating 
mechanism. Such defects cannot always be located 
and rectified immediately, and until they are rectified 
the main turbo-alternator is compulsorily out of service. 
The author S' argument that one good circuit breaker is 
better than two of inferior quality is sound, but I think 
that he will admit tliat one good circuit breaker is not 
so good as two good circuit breakers. One of the 
problems which supply undertakings have constantly 
to solve, is how best to protect the oil switches which 
were installed in the generating stations years ago, 
and which were then of ample breaking capacity, but 
wffich are now, owing to the increased plant, no longer 
able to break satisfactorily the increased short-circuit 
current. The most satisfactory method is to install 
ciiCTent-limiting reactances in series with these switches, 
eith^ by subdividing the busbars by busbar reactances 
or y instalhng sub-busbars to which such switches 
are connected, and to place reactances between tho 
sub-busbars and j:he main busbars. So much trouble 
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has been experienced due to the fracturing of the 
porcelain switch insulators that users have been seeldng 
another form of insulator which will have a certain 
degree of elasticity. Bakelite is being extensively used 
for this purpose, and so far is proving very satisfactory. 
Where porcelain must be used an internal bush of 
micanite or otlaer insulating material should be em¬ 
ployed, so tliat the circuit is not earthed if the 
porcelain breaks or cracks. The failures of oil switches 
may be divided into two classes :—(A) Those which 
occur before the switch commences to operate, and 
(B) those which occur w'hile the switch is operating. 
In (A) we have breakages of insulators due to stresses 
set up by the passage of heavy currents. The repulsion 
of tlie moving main or arcing contact is due to the 
same reason, and because of their incorrect shape, 
whilst in (B) are included internal explosions due to 
the explosion in the oil tank caused by the arc firing 
the gas under pressure. The author, who is responsible 
for the design of switchgear which is probably un¬ 
equalled anywhere, has paid very great attention to 
these possibilities, but I am surprised that he has not 
dealt more fully with the necessity of giving all oil 
switches the highest possible velocity at the point of 
break. In Birmingham we specify a velocity of 5 ft. 
per sec. at the point where the sparking contacts are 
separated, and we are able to obtain, from most of the 
leading manufacturers, switches capable of breaking 
with this rapidity. I believe that this velocity could 
be still further increased with advantage, and I should be 
glad to have the author's views on this important point. 

Mr. Christopher Jones : The autlior has for long ] 
advocated the consistent enclosure of all conductors 
and insulators, including a continuous earthed metal 
core throughout the whole supply system, from the 
generators to the load, and even to lighting fittings, 
and with these views I fully concur. He refers on 
page 426 to the earth circuit to tlie metal cover of all 
portable plant and appliances being continued through 
an earth conductor in the flexible cables. The recom¬ 
mendation to surround the outer insulation of the 
flexible cable, i.e. trailing cable with an earthed sheath 
of copper braiding in addition to the compulsory earth 
conductor, thus continuing the metal cover over flexible 
cables also, is a good one. I have gone carefully into 
this question in connection with a large number of 
electrical coal cutters under ray charge and I am 
replacing the ordinary 4-core C.T.S. cable with the class 
of cable referred to in the paper. On page 426 the 
author, in dealing with alternators, etc., refers to the 
entire framework being earthed to avoid the risk of 
shock to attendants, and states that more often than 
not the proper finishing oJf to the metal enclosure has 
been neglected at a most critical place, namely at the 
terminal ends of the stator windings. I have quite 
recently had to condemn such methods in connection 
with a 1 600-kW turbo-alternator where 3 000-volt 
rubber tails were in view and accessible, with the 
weakness pointed out by the author. The plant was 
supplied to comply with the Home Office Mining Regu¬ 
lations, but it does not under the above conditions. 
The question of the standardizatitm of terminal cable¬ 
sealing boxes has been mentioned, and very rightly so. 


Mining electrical engineers are alive to this and have 
been so fur the past 10 years. It is high time that 
manufacturers supplied such equipment as a standard 
for works and collieries. Ninety-nine per cent of makers 
of electrical motors are not alive to the requirements 
of Mining and Factory Regulations. Apart from the 
fact that the regulations call for such practice it is in 
the interests of safety to install plant that is electrically 
and mechanically efficient. Quite recently I had 
occasion to purchase single-phase, 440-volt motors. 
These were supplied with an ordinary large tumbler 
switch fixed to the motor case, the cover of which was 
not earthed, although the motors were required to be 
placed in a damp butcher's warehouse. The manu¬ 
facturer's branch office were informed that the switch 
on the motor did not comply with the Factory Regula¬ 
tions and that they must supply the proper article. 
As no notice was taken of this I wrote pointing out 
tlie seriousness of supplying apparatus in this manner. 
The reply was to the eliect that it was an oversight 
at the works and that I was to return the machines. 

I was told later, however, that the firm had sent out 
thousands of motors in this manner and that I was 
the first to complain. The author refers to the less 
attention and maintenance required for ironclad gear, 
apart from the saving in initial outlay for housing. 
This housing question has been overlooked in the past 
when switchgear costs were under consideration, Por 
rural supply districts with small substations, the capital 
outlay on houses or substation buildings has to be 
seriously considered. I have had leakage protective 
devices installed on all low-tension feeders for the past 
12 years, and these have proved to be highly satisfactory. 
At a xecent meeting of the Electrical Power Engineep 
Association, when the subject of electric supply in 
Hong Kong was being discussed, special reference was 
made to the amount of trouble obtained with open- 
type gear, and it was held that the only solution would 
be the solid t 5 qpe of gear mentioned in the paper. 
Reference is also made in the paper to indicating and 
interlocking devices being conspicuously labelled, and 
to the advisability of coloured lamps being used. In a 
high-tension cubicle of the non-draw-out type recently 
delivered the lamps were so arranged that to replace 
broken or defective bulbs the alternator would have 
to be shut down, as the attendant had to reach acrop 
bare high-tension busbars. The system shown in 
Fig. 26 is to be commended. The earthing arrange¬ 
ment shown in l^ig. 2o is also a very desirable feature, 
from the point of view of safety. A d.c, 650-volt 
switchboard which I had occasion to inspect for a 
colliery was supposed to comply with all the Home 
Office Regulations, but I was surprised to find open- 
type bare busbars placed on top of the board, winch 
was in a power house where an overhead travelling 
crane was used. The circuit brealcer and isolating 
link handles were not earthed, nor were the metal 
covers of meters. 

[Dr. G. C. Garrard also took part in the discussion 
at Birmingham. The substance of his remarks will be 
found on page 447 in. connection with the discus,sion 
before the Institution.] ^ 

Mr. A. M. Taylor {communicated ): Withlregard to 
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the separation of phases referred to on page 430, while 
agreeing in the main with the author’s remark that 
should an internal fault occur, the arc cannot be 
long or sustained,’’ and the deductions which follow, 
I think that this ought to be qualified by some statement 
as to the limitations of the power passing through. 
It would appear that, although perhaps no serious 
** bum-throughs ” have been obtained up to the present 
between any of the conductors and bends leading into 
the ReyroUe type of switch, it is largely a matter of 
the power going through the circuit before the outer 
metal sheathing will be burst through with a sufficiently 
large hole to permit of the arc repelling itself into the 
surrounding space. I know of a case where single¬ 
phase voltage, backed up by only a trifling kVA capacity, 
burnt large holes in a paper-insulated cable in which 
the lead sheathing was 3 inches in diameter. In another 
case a large hole had been burnt in a three-core 
cable of some 3|- in. diameter, altliough the arc was 
smothered by being buried in the street. In the latter 
case it is true that there was 10 000 kVA of capacity 
behind the arc. What would have been the result 
had 60 000 kVA been behind the arc, and if there had 
been no . surrounding earth to quench the flame ? This 
latter case would correspond somewhat to the bends 
and hoods of the metal-enclosed parts of the switchgear. 
Subject, however, to this qualification, I believe that 
the author’s remarks as to the advantage of enclosing 
each phase with a continuous metal sheathing are 
perfectly correct. Where it is possible for an arc to 
get long enough and open enough (as possibly in the 
case cited by the author) for sufficient resistance to be 
incorporated to keep the current below the operating 
point at which the relays are set, there would appear 
to be great difficulty in preventing a disaster such 
as that mentioned on page 430. Referring to the 
author s statement on page 426 that ** carried to a 
logical conclusion, overhead lines would be replaced 
by underground cables,” I agree that this is the ideal 
case, but, as he sB.ys, the cost is excessive. Two years 
ago I advocated a wholly underground system operating 
at 150 000 volts,* but I found that engineers’ minds 
were so obsessed by the tremendous difference in cost 
between overhead lines and underground lines that for 
long transimssion they condemned underground schemes 
offhand, being unaware that if underground transmission 
could be carried out in sufficient ” blocks ” of power, 
at the voltages which I proposed, and if the cables 
could be laid alongside the railways, there would not 
be so much difference between the costs of underground 
and overhead transmission. However, the next best 
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thing to running the trunk transmission lines entirely 
underground is to run underground those parts that 
are in the towns, or that approach the switching stations, 
and to change from bare conductors to lead-covered 
cable at a height of not less than, say, 30 ft. above 
ground (i.e. on the mast itself) and to have no bare 
conductors entering switching buildings. This is what 
I am now recommending. By such arrangements the 
awful catastrophe by which seven men in America 
were burnt to death in doing switching work on the 
Niagara lines would be avoided—^not to mention the 
very serious dislocation of supply which this must 
have entailed. The author gives on page 446 as one 
of the requisites for safety and continuity: ” A stable 
neutral point at earth potential,” and again he says 
on page 439: ” Rather save , . . by connecting the 
neutral direct to earth.” Although it is true that in 
America there are many installations in which, on the 
high-tension side of the step-up transformers, the 
neutral is earthed directly, I believe that, at any rate 
on 33 000-volt systems in this country, and with under¬ 
ground cables, it will not be advisable to do this. I 
have recently made careful investigations into the 
possibilities of resonance being set up in such circuits 
by the “ triple harmonics ” (left unsuppressed in spite 
of the delta winding, of the primary) set up by the 
transformers themselves, where single-phase trans¬ 
formers are used, and I was surprised to find the 
exceedingly valuable damping-out effect performed by 
the earthing resistance. Without this, resonance effects 
would, on a 10 000-kVA transmission system at 33 000 
volts, become quite serious when the total length of cable 
became much over 20 miles, and as on some big systems 
there are sometimes two cables in parallel (giving 
20 miles of cable over a 10-mile route), I think it would 
be a great mistake to cut out the resistance entirely 
from the earthing connection. At the same time, in 
the particular case which I investigated, the earthing 
resistance was so very much higher than sufficient 
merely to check resonance that possibly sufficient 
'"stability” could be provided to meet the author’s 
suggestions substantially, without inviting the intro¬ 
duction of triple-frequency resonance where at present 
none exists. It is a matter of the careful investi¬ 
gation of each individual circuit and of its group 
of transformers, i.e. each circuit must be dealt with 
on its merits. (I may add that the investigation is rather 
involved and should not be undertaken by a tyro.) 
Of course these remarks will not apply to the earthing 
of the generating system—at any rate not to the same 
extent ^though even here it may be inadvisable to cut 
out all the resistance. 


HE Author s Reply to the Discussions Before the Institution and at Birmingham and 

Manchester. 


Mr. H, W. Clothier {in reply) : I have noted as a 
toend m the dwcussion that there is an apprehension of 
failure in details, which seems to promote the idea that 
m a power station or substation one must be able to 
get at ” this or that part of the apparatus. I must say 
that on the oth^ hand I look to the time, arising out of 


the haze and endeavour of the last 30 years, when 
op^ators will no longer need to be on the constant 
qui viye. "We shall dispose of our troubles with bad 
insulation, with fittings which come loose, with relays 
which trip when fhey should not, and with the hundred 
and one other things which have gone wrong, by the 
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simple and common-sense process of learning from past 
experience how to design in a way which will avoid 
defects in every minute detail. These little annoyances, 
trifling in themselves but far-rcaching in their effect, 
should not in future pester and endanger that broader 
expansion in the utilisation of electric service which 
should be our future aim in this country. Many of these 
details may be overcome by using conductors and 
insulators buried in compound or oil; in which case 
they need be iio more accessible than the conductors and 
insulation of a well-conducted cable laid solid in the 
ground. I can imagine how busy those people would 
be who are always wanting to look at the joints on their 
conductors and the surfaces of their insulators, if their 
methods for switchgear had been allowed for trans¬ 
mission, and bare conductors had been laid in ducts in 
the ground or mounted on walls, just as they nowadays 
want to fix the busbars in their power stations. And yet, 
as I look at the issue, there is no more reason for having 
access to the busbars and connections thereto than to 
the main conductors. In fact, perfection of busbars is 
easier to attain, as this covers only a small part of the 
sj^stem, whereas any improvement of the cables must 
spread over the whole network. I admit that there is 
still room for research in the improvement of insulation 
and I agree that insulation failures, on certain classes of 
apparatus and with cefttain materials, may be a heavy 
charge on the installation. Until such research as may 
be possible in the future brings the art of insulation to 
a state of scientific perfection, my appeal is to carry a 
safe margin. My experience, as recorded in the paper, 
is that a reasonable factor of safety, such as is common 
in engineering construction, will give protection from 
insulation failure, provided that the materials are 
suitably preserved and kept out of the reach of any 
intruding foreign matter. With our present knowledge 
of insulators, and with a good safety factor, the industry 
can obtain security now, although I admit that after 
more extensive research it may be attained more 
economically. But, notwithstanding the possibilities 
of research, the preservation of insulation in oils and 
compounds, on which much experience is now available, 
cannot be disregarded. After all, one of the dangers is 
the poor and unreliable insulation provided by air, and 
this, I fear, no amount of research will cure. 

On account of insulation failures, Mr. Wedmore has a 
leaning towards* the duplication of circuit breakers. 
What one has to guard against is the interruption of 
supply due to such failures. I suggest that to have two 
circuit breakers instead of one does not reduce the risk 
of such failure. On the contrary, this risk is increased, 
as there must be more insulators, the failure of any one 
of which in service may result in a busbar fault. If the 
anticipation of failure of insulators and switches is really 
the controlling factor of the switchgear layout, then the 
best policy is to cut down the number of them and utilize 
the consequent saving in CQSt to improve the quality of 
those which remain. Mr. Wedmore says that duplica¬ 
tion carries with it “ simplicity of the whole scheme and 
its operations." Multiplicity does not generally lead 
to simplicity, nor does it in the case of switchgear. It 
may be simpler to use two oil circuit breakers to change 
over from one busbar to another thar^ to draw out a 


circuit breaker and change over the plugs, but with all 
circuit breakers it is necessary to provide isolation on 
both sides; and so if the isolating switches also are 
operated there are actually more operations in changing 
over with duplicate circuit breakers than with a single 
circuit breaker and ordinary selector switches. To 
secure efficiency of operation by duplication, the circuit 
breakers should be of the draw-out t>’pe. If the advan¬ 
tage of the draw-out t5^e is admitted, then the considera¬ 
tion arises that on the single-ch*cuit-breaker-per-panel 
type of gear one spare circuit breaker in each station 
will serve all the purposes of duplication. It w’ould seem 
that duplication is, after all, only justified as a means of 
substitution for a broken-down part, in wdiich case 
certainly one good circuit breaker is better than two 
made for the same total cost, because it must reduce the 
risk of this part needing substitution. A failure of the 
circuit breaker means a shut-down of the station, or at 
least a section of it. In such an event the breaker can 
be withdrawn and replaced in a few minutes without 
a flurried series of operations. A failure on the connec¬ 
tions to the breaker from the busbar also means a shut¬ 
down, and it is as likely as not to be on a conductor, 
which prevents the particular circuit from being put into 
commission immediately whether there is duplication 
or not. 

Several speakers have referred to American practice. 
It does not follow that what suits American control is 
necessarily the right example for this country, but in 
connection with circuit breakers it is opportune to note 
from a recent Report of the American Institute that the 
manufacturers of oil circuit breakers are making 
" herculean efforts " to secure satisfactory oil circuit 
breakers of sufficient interrupting capacity. The 
elimination of the isolating-switch troubles is also being 
sought after. This is evident from the same Report, 
which continues : "in one of the ne^vest large central 
stations practically no disconnecting switches are used 
for disconnecting the oil circuit breakers from the bus 
or line. The disconnection of the breakers is accom¬ 
plished TDy lowering them below their normal position, 
thus breaking the connections and isolating the 
breakers." This practice in America is also confirmed 
by Mr. Davies, who states that it is perhaps the best 
feature of metal-clad gear. 

Whilst American stations are in general larger than 
anything attempted yet in this country, the system of 
distribution by feeders starred out is possibly no more 
searching on the switchgear than such systems as that 
of the North-East Coast where many power stations 
having an aggregate of 300 000 kW are all linked 
together in one mesh of ring mains, separated only into 
sections after the occurrence of a serious fault. It is 
on this large testing ground for bringing out the weak 
points that the principles described in the paper have 
been tried out. So although agreeing, as Mr. Wedmore 
wisely says, that there is no finality in design, at the 
same time it would be an indictment of lost opportunity 
if something very definite and useful did not come out 
of the experience, something which, to say the least, 
will bear its mark on future practice in this country, if 
not in other countries also. • 

Several speakers have also referred to the duplication 
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of busbars in a way which seems to point to a misreading 
of the paper. Two reasons justifying the retention of 
duplicate busbars on switchgear in important situations, 
such as power stations and large distributing centres, are 
recorded on page 428. Maybe this misunderstanding 
has been brought about by the discussion of the process 
of changing over from one busbar to another, which is 
another subject. Notwithstanding Mr. Ferguson's 
objection, I feel that the consensus of opinion is in favour 
of disconnecting any circuit from the busbar before 
changing over from one busbar to another. Other 
contributors confirm that, when dealing with large 
amounts of power, it is not safe to attempt the rapid 
juggling of circuits. Nor is it at all necessary on a 
system that has been laid out to maintain continuity to 
all consumers. To effect this object any circuit may be 
opened at any time, as happens automatically on the 
occurrence of faults, without causing cessation of supply 
through alternative circuits. 

Another general subject on which there appears on 
the part of some speakers to be a misreading, is the 
breaking capacity of circuit breakws and the interpreta¬ 
tion of B.E.S.A. recommendations. Mr. Wedmore says 
that it is of very little use to split hairs on ** small 
margins on supposed factors of safety now current." 
We are in sight of "formulae established on scientific 
principles." The prospects of " revolutionizing designs " 
must be waited for with intense respect from such an 
authoritative statement. As one who has taken a part 
in helping to bring about the tests and in the supply of 
material for investigation, I am not permitted to discuss' 
the outcome, but until the tests have been carried out 
upon a much larger scale (that is, with larger power 
behind the short-circuit) I cannot tliink that tlae dis¬ 
coveries up to the present justify the brushing aside of 
such vital questions as factors of safety which practical 
demonstrations under service conditions (often failures) 
have evolved in certain established designs. These are not 
to be shaken by merely the promises of formuLe to come. 

Mr. Ratcliff draws attention to the elastic nature of 
statements about breaking-capacity ratings ; afid this, 
coming as the declared opinion of a large user, not¬ 
withstanding the existence for two years of the British 
Standard Specification, indicates a state of affairs which 
calls for some explanation. 

Dr. Garrard fears that my approach to the subject 
will harm British reputation. British reputation is not 
made by the B.E.S.A. but by the results of the work 
produced under the direction of their recommendations. 
Dr. Garrard says that the breaking capacity of the 
switch must generally be in " inverse ratio to the 
reputation of the maker." Surely, if that be so,'it is in 
the interest of the whole country to declare a better 
standard. Anyhow it should be definite. If it is to 
be what is known as the B.E.S.A. rating (six times the 
aggregate kVA), then a factor of safety of at least 200 
per cent is required. If it is taken at 10 times, a factor 
of safety of 100 per cent is better. These safety factors 
would meet the worst conditions illustrated in* Fig. 19. 
Dr. Garrard goes so far as to admit that it may be 
necessary to specify the power factor. It is only a step 
further ^so to state the factor of safety which is to be 
the objective in the design. 


In the attention given to switchgear construction the 
discussion on protective systems has taken a secondary 
place. I think it has been generally admitted that a 
better standard of stability is required, and that on the 
whole it is not working in the right direction to cut down 
the amounts of fault-current settings. Even the sensi¬ 
tive systems of generator protection which once were 
given to operate on fault currents of 7 • 6 per cent of full 
load are admitted to be more reliable if raised to 16 per 
cent of full load. On feeder protective 'systems the 
working of current transformers over the point of 
saturation is likely to introduce difficulties in the 
standardization of a common design of current trans¬ 
former for all purposes, including feeders'with tees as 
shown in Fig. 28 (single switch substation). The 
multi-airgap current transformer having a straight-line 
characteristic up to 10 000 amperes, on the other hand, 
has prospects as a standard which will suit most condi¬ 
tions and situations that arise in general transmission 
practice. 

As to voltage-surge arresters for protection against 
lightning and atmospheric voltage disturbances, Mr. 
Rosling points out that whilst insulation may stand 
momentary stresses, each instance may by cumulative 
action tend to an ultimate localized puncture, and Colonel 
Edgcumbe seems to confirm the opinion that it is unfair 
to the cable to expect it to perform a function which 
should be part of the switchgear's duty. The practical 
difificulty is to find any surge-arresting device which is 
capable of reducing the excess stress by any really 
effective proportion. The large shunting action of the 
cable itself is the reason for this. For adequate protec¬ 
tion any artificial discharge resistance would have to 
be of such a low value that serious trouble would be 
experienced, in view of the heavy power current which 
would follow through it. The suggestion has been made 
that there would be undue stress at the point of juncture 
between the overhead line and the cable. Of course 
at this situation all sharp comers and small clearances 
must be avoided, but from the theoretical consideration 
of this subject the cable acts a.s a shunted condenser, in 
which case, although the voltage stresses are admittedly 
greater at one end than at the other, no voltage-reflection 
effect takes place at the point of juncture but, in fact, 
an actual tapering down of the surge voltage immediately 
commences due to the flattening effect of capacitance of 
the initial portion of tlie cable. Th^e is no abrupt 
voltage-wave distortion at this point, the cable acting 
as an ideal condenser for this purpose. In addition to 
the tapered flattening effect, a cable will have, due to 
sheath and dielectric losses, a heavy dissipative effect 
on the energy of the surge. The necessary precautions 
are, first, to use an appropriate length of cable in order 
to provide sujficient capacitative shunting action, and 
also to ensure that any surge passes through an appreci¬ 
able length of heavily damped circuit in order to prevent 
severe voltage reflections occurring between the line and 
the inductance of the plant—^in most cases a length of 
200 yards or so is adequate. Secondly, to ensure a 
sufficient safety factor in the insulation, in the cable and 
inside and outside the dividing box. This safety factor 
is in any case necessary to witotand surges which occur 
in normal systepa operations. In this connection the 
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duration of the atmospheric disturbance when severe 
stresses do occur is extremely short, whereas the stresses 
occasioned by normal system operations, while appreci¬ 
ably lower, have longer duration. To have a large cable 
network and to earth the neutral point through a 
sufficiently low resistance are the most efficient safe¬ 
guards against internal voltage stresses. There may be 
some combination of circumstances where, as cited by 
Colonel Edgcumbe, an apparent improvement has been 
secured, but, in general, artificial surge protective 
apparatus can only make a small proportional reduction 
in the stress, 'whereas, on the other hand, they may 
themselves set up cumulative oscillations which annul 
any advantages to be derived from them. To avoid 
this, if any apparatus is used it should be of a series 
damping nature of tlie Campos, Thornton, or Grant type, 
rather than of a discharge nature like the horn gap, or 
similar device which permits a sustained discharge 
through a resistance. The problem of arresters, buffer 
charging resistances for transfonners, and similar 
examples of extraneous apparatus which sometimes find 
a place, cannot be finally disposed of by this discussion, 
but the tenor of the discussion leads me to suggest that 
with a little more attention to the subject the use of 
them may be abandoned eventually. Such devices do 
not always enter the lists when the need comes for 
action, and on that consideration alone the true safe¬ 
guard 4s to make plant capable of withstanding short- 
circuits and an adequate pressure test without risk of 
incipient injury or flash-over ; it should then be indepen¬ 
dent of those protective devices of doubtful efficiency. 

Dr. Garrard's proposal to improve cell-type switchgear 
by making it vermin proof, and to cover the busbars and 
connections with mica insulation, is certainly a step in 
the direction of the more complete enclosure obtained by 
the all metal-clad gear, but the switch houses of large 
power stations with cell gear, such as Hell Gate in America 
which he has cited as an example, have become so 
unwieldy as compared with the metal-clad form that it 
is questionable whether the practice will survive unless, 
indeed, Dr. Garrard can make his insulation covering 
so complete as to allow great reduction in the space now 
occupied. It is opportune here to note the comments 
of Mr. Gregory on tliis subject. Notwithstanding the 
extra space entailed by the duplication of circuit 
breakers, the recently published experiences at Calumet 
(also of the cell type with separation of phases in 
isolated parts of the building) go to show that, 
despite the large dimensions and apparently elaborate 
precautions for isolation, it is still possible for the 
effects of faults to spread over panels on several 
circuits and even from one phase building to another. 

It has been stated in the discusssion that the effects 
of a breakdown on cell gear are more readily repaired 
than upon metal-clad gear. This depends, of course, 
upon the extent of the damage, but in any case what 
matters most is the time taken to get the supply restored 
after a breakdown. Much of the time is frequently 
taken in getting the maintenance engineer to the spot, 
which is the same in both cases. Where time is saved 
is in clearing away the results of the breakdown, and in 
the cell gear this almost invariably extends to adjacent 
panels which, if not actually distorted or burnt, have to 


be cleaned and overhauled. On the other hand the 
metal-clad damage is confined to one unit; and the 
insulators and conductors of the others, thanks to 
the invulnerable enclosure, remain intact and ready for 
continued service. Indeed, in some cases which would 
put the counterpart in cell gear out of service, the supply 
would not be interrupted at all through the metal-clad 
gear. 

Having now dealt in a general way witli tlie main 
criticisms it remains to reply to detail comments and 
questions. 

Mr. Wedmore says that a modern motor-car or flying 
machine would not have been built 20 years ago, but he 
asks why should not the protective gear of the present 
day have been manufactured 20 years ago ? I think it 
was. It was at that time that the balanced systems of 
protection were developed on the North-East Coast, and 
metal-clad designs were made only a year or so later. 
At that time the necessity had been realized, at least 
in that part of the country. The single pilot in the 
middle of the cable is no doubt attractive, but I fear 
that it would require another revolution of the balanced 
systems. At present the single-wire pilot would be 
subject to interference by induced currents, and, more¬ 
over, it has never been accepted as good practice to 
enclose the protecting pilot in one cable with the main 
conductors, because a fault on the cable might bring 
the high-tension voltage on to the low-tension relay 
system. If the pilot were used as a high-tension connec¬ 
tion, which its insulation might justify, there would need 
to be a potential transformer at the ends. I^otential 
transformers on protective gear have up to now been 
tabooed. The Kuyser system of generator protection 
has not progressed, I think, mainly on this account. 

Dr. Garrard agrees with me that some form of 
standardization of terms is required in order to express 
the stability of protective gear. Mr. Leeson's comments 
on this subject will need to be taken into consideration. 
A good margin between the test-room results, or promises 
of perfo^ance, and the “ service setting " is necessary 
to ensure stability under service conditions which cannot 
be reproduced artificially, and hence my preference for 
raising the fault settings. Some form of proving house 
also is an urgent need. The proving should include a 
record on the maximum through " current possible 
without inadvertent operation. It is not yet clear that 
there are no unbalancing influences within the biased 
relays, or that the unbalancing in the primary circuits 
—^for instance, during arcing earths—will not give 
an unexpected instability in the system of feeder 
protection mentioned by Dr. Garrard. This may 
account for the comparatively slow development of this 
system. The diverter relay, on the other hand, acts 
as a person would if given sufiB-cient time; tliat is, at a 
stage in the magnitude of the ** through ** current it 
resets, as it were, the tripping relay, giving it greater 
stability. Its correctness is not dependent upon a 
balance between the restraining and operation currente 
on two different iron cores of the relays, which is addi¬ 
tional to the balance required between the cores of two 
different current transformers. 

Dr. Garrard's two incidents of injury to men«appear 
to indicate some imperfect construction of interlocking 
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devices. To my mind the argument points to the need, 
not to dispense with interlocks, but to improve them. 

As to internal losses in the lead-covered reactance 
coils, it is the practice to divide the lead sheathing into 
sections each of which is separately earthed. So the 
losses are practically resolved into l^R losses, and owing 
to the smaller sections of copper which are used on the 
open type these losses are less on the cable type. The 
following is one comparison recently made in connection 
with an actual specification :— 

33 000-volt 11 per cent 220 kVA rated reactor :— 
Open t57pe, 11 kW approx, at full load 
Metal-clad type, 8 • 6 kW approx, at full load. 

These figures are based on commercial ratings as 
obtained from manufacturers, and a truer comparison 
may be necessary by considering to' what extent the 
copper section of the open-type reactance could be 
increased on the cost basis. 

The " through rating of a circuit breaker is not 
exactly the same as its breaking capacity. The circuit 
breaker should be capable of carrying the maximum 
current that can pass through it for a longer period than 
that when normally operating at its maximum breaking- 
capacity rating. As Mr. Ferguson suggests, the time for 
'' through ” ratings should be stated at 1 second and 
6 seconds if the American practice is to be taken as a 
guide. 

Dr. Garrard would not rely upon something which he 
cannot see. He fears that a closed oil switch might not 
be making contact. The object in the closing of the 
earth circuit within an oil switch is to make tlie earth 
contact in safety to the person actually making the 
earth. It is not to be supposed that a man would be 
expected to touch a cable outside before ensuring that 
the cable is dead by driving a pick through it or by some 
other such precaution. 

Mr. Lovell also refers to this earthing device and 
suggests that it might cause a tliree-phase fault which 
might not operate the protective gear. The^ practice 
is to earth one phase at a time, in which case the amount 
of fault current would be limited by the resistance 
between the location and the neutral point. 

I note the objection to the proposed vibration test on 
relays and agree that some more perfect example of the 
jerks or shocks to which a relay may be subjected on 
a switchboard is necessary. Some form of accepted 
standard device is required, which again would be an 
instrument to be used by some future Proving House. 
I think the complication of devices on protective systems 
is not due to voltage balance any more than it would 
under similar conditions be due to current balance. In 
fact the pilot-wire voltage may be higher with current 
balancing on long lines by reason of the voltage-drop. 
I question the utility of circuit breakers of 750 000 kVA 
breaking capacity with the biggest possible plant,'' 
even with a liberal use of reactances, but I think that 
their use will depend upon the power factor at which the 
rating is fixed. Circuit breakers of I 500 000 kVA rating 
are specified in this country where the aggregate plant 
is 160 000 to 200 000 kVA, In stations in the future 
of 600 POO kVA which are spoken of, I think Dr. Garrard’s 
limit is likely to be on the small side. 


Mr. Christianson's comments on interlocking also 
suggest to me that better attention should be given to 
this subject in the future. With the railway system of 
interlocking, would one countenance the temporary 
putting out of action of important interlocks, thereby 
endangering life ? I think not; and switchgear, to be 
perfect, should be no less safe. He seems to hover 
between open cell gear ('* cubicle " type) and the metal- 
clad, preferring, if breakdown occurs, to repair the 
former. He must humour the old love whilst he takes 
the new love home. I agree with Mr. Christianson that 
complete enclosure or inaccessibility is also essential on 
low-tension sv^itchgear, and that the question about tlie 
design of change-over is a matter for operating engineers, 
In due course these subjects will settle themselves by 
force of general practice. It is as well that simple plans 
be adopted, because, contrary to Mr. Christianson’s 
expectations, I do not find the engineers very willing to 
pay for the special arrangements sometimes called for by 
peculiar idiosyncrasies in demands. I agree that the 
rapid change-over features are more costly to produce, 
and in view of the risks involved it is to be expected 
that the course of events will follow the lines wliich are 
the most economical. If the rapid change-over must be 
made I agree with Mr. Christianson in his choice of the 
two-oil-circuit-breaker method. It is liberal of him to 
make this choice despite his own design with front 
plugs and the eartliing features embodied therein,« There 
is no need to separate the busbars more than shown in 
Fig. 10, as these are compound filled and the metal-clad 
enclosure is to all intents and purposes invulnerable. 
Therefore bnsbar.s may be close together like armoured 
cables on racks. 

Among many other interesting statements, Mr. Chris¬ 
tianson asks for my views on the commercial and technical 
feasibility of employing viscous oil for busbar chambers. 
I think it may be necessary to resort to oil filling for 
some conditions of high current values and high voltage, 
but compound has certain advantages whieh would 
always claim from me a preference. 

I am of the opinion tliat notwithstanding the addition 
of* the extra coil on the relay similar to that adopted for 
overload and leakage relays, there are risks in attempting 
settings as low as 7 • 5 per cent of the generator full-load 
current. I do not consider the risk to be worth tlie 
gain of cx)vering a little more of the alternator winding, 
which, being near tlie earthed neutral, should never be in 
danger of breakdown! to earth provided there is sound 
insulation betiveen turns and reasonably low earthing 
resistances are used. The system using a coil between 
the starred point of the relays and a common starred 
point of the transformers may not be altogether free 
from unbalancing influences due to external phase faults, 
and the earth coil will be liable to operate only to a 
slightly less degree than the phase coils. In this connec¬ 
tion Mr. Ross, I think, agrees with me in preferring 
15 per cent with the sensitive leakage coil. With 
diverter relays 10 per cent gives equivalent stability, 

I think that Mr. Trencham is begging the question a 
little when he says that the very first oil circuit breakers 
used in heavy power stations were of the explosion-pot 
type. The explosion-pot type, as the term is now under¬ 
stood, is that invented by Mr: Hilliard and advocated by 
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Mr. Bernard Price, which consists of extra pots surround¬ 
ing the contacts and contained within another oil 
chamber in the form of the ordinary switch tank. The 
lirst large power station in this country to use oil 
circuit breakers was Deptford, and the second was 
Bankside and in these cases the pots were of glass and 
porcelain respectively. The well-known American 
General Electric switches were a later introduction, 
and they have undoubtedly given excellent service on 
cell-type switchgear. The object of this type is to 
retain the oil within the pot, but in the type referred to 
in the paper the pots are used to generate a pressure 
within, which assists to expel the plunger at a high 
velocity through a clearing hole at the bottom. I 
admit that the arc is started within the pots in both 
cases, but in other respects it seems to me that in con¬ 
struction and principle of action the two methods are 
separable in classification. I agree with Mr. Trencham 
that additional variables must not be introduced into 
the standard rating of circuit breakers. My whole 
desire is to have a standard based upon invariable 
quantities that will be understood. This is not a 
confusion with selection but a fundamental matter of 
measurement. 

The points of Mr. Ferguson’s valuable contribution 
are of three kinds : he agrees, he disagrees, and he 
misinterprets. lie agrees with all the main principles; 
in fact, entry into the production of metal-clad 
switchgear during tlie last few years has contributed 
not a little to the present prominence of the metal-clad 
X>rinciplc. The points in whicli he disagrees relate 
chiefly to constructional details. These include com- 
X)ound-filled transformer enclosures and busbar change¬ 
over plugs. His innovation just put into use includes 
the immersion of these parts in oil, a practice which in 
one form or another has been applied for several years. 
One design embodying both these features is actually 
shown in the paper (Figs. 7 and 25), but there must be 
discrimiimtion in such details, and in the majority of 
cases for ordinary service the simpler forms shown in 
Figs. 4 and 8 adequately meet the requirements. As a 
general rule compound filling is to be preferred; it 
dispenses with the possibilities of oil leakage, and the 
e.xx^losion and fire risks are less ; moreover, the compound 
gives a support to busbars and other conductors, helping 
them to withstand the large stresses on ‘'through” 
short-circuits referred to by Mr. Ferguson. He expects, 
in tb.e event of a busbar breakdown, to change over 
automatically from one busbar to another in 0-8 second 
by the use of duplicate oil-swdtch movements. I think 
it would be a surprising achievement in a large power 
station (and even without a ” separate coupler ” to 
parallel the busbars first) to change over the generators 
and the load in this time. I suggest that operating 
engineers in the power station and switch house would 
not view this project with equanimity. I think they 
would be happier to know that the effort was being 
directed towards so making the switchgear that busbar 
faults do not happen necessitating this rapid change-over. 

The general objection to duplication of oil switches 
wdrich is discussed above, applies here also with the 
added disadvantage in Mr. Ferguson’s arrangement that 
the connections from both busbars are brought down into 


one common circuit-breaking chamber. The dangers 
of this method are also discussed by Mr. Davies and Mr. 
Mold, with both of whom I agree on this point. Other 
contributors to the discussion on this question have 
referred to serious accidents in changing over and seem 
to confirm the opinion expressed in the paper that, for 
ordinary service, it is preferable to rack out the circuit 
breakers and incidentally to make sure that there are 
no hasty operations in efiecting a change-over. The 
alternative is to have entirely separate circuit breakers. 
The question is : does the need justify the expense ? 
I suggest that the consensus of opinion is to be found in 
Mr. Davies’s statement that 90 per cent of the supply 
undertakings would accept the simple plan which, in 
Mr. Ferguson's judgment, is the “ crudest method 
imaginable.” Mr. Ferguson refers to a statement of an 
operating engineer at Stepney and a discussion at 
Sheffield. The fact is that in both these places the 
arrangement (Fig. 8) has been in use for about 15 years 
and all extensions, including recent ones, have contained 
the same principle. It is strange that the first intima¬ 
tion of any dissatisfaction should come to me from 
Mr. Ferguson. True, as also emphasized by other 
speakers, including Mr. Townley, the operating engineers’ 
experiences must have first consideration. The need for 
efficiency includes the reduction of the number of 
operations to a minimum, and that would seem to be 
an explanation of the existence and development on a 
very large scale of the simpler plan. If the change-over 
had to be frequently made, the alternative of duplicate 
oil switches would be more necessary, but in most places 
where the layout permits of opening any circuit as 
required, the spare busbar on metal-clad gear is rarely, 
if ever, used. Certainly in the case of Sheffield the spare 
busbar has only been used twice since 1913—both times 
for extension purposes. It has been frequently demon¬ 
strated that a circuit can be changed over in less than 
3 minutes, which is the routine period at Sheffield to 
wait before reclosing a breaker after opening on a fault. 
The idea of needing rapid change-over devices is a relic 
of the da^^s before alternators were run in synchronism. 
As to Fig. 28, the fuse is suitable protection for the 
transformer if properly enclosed. In the event of the 
fuse failing and itself developing into a fault upon the 
link, it is cleared by the action of discriminating 
protection and the circuit breakers at both ends of the 

line. _ 

Among the items which have been misread, Mr. Fer¬ 
guson, in common with other speakers, takes the paper 
to infer that duplicate busbars should be dispensed with 
in a central station scheme. The paper shows duplicate 
busbars in all such cases and even gives two reasons 
(items 1 and 2, page 428) for their retention on metal- 
clad gear. The main inference in respect to busbars is 
that it is necessary to remove the risks attending the 
change-over from one busbar to another and that, by 
suitable layout of equipment and safety factor in design, 
the need for the frequent trial of this risky operation can 
be eliminated. They are seldom included m general 
practice on substations, which is in favour of the simp er 
sectioning of busbars. Mr. Ferguson also apears to 
read into my paper a proposal to cut out i^ use o 
reactances altogether, whereas the paper merey avs 
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attention to the necessity oi exercising care in deter¬ 
mining the values and location of reactances. Moreover, 
the paper does not propose to neglect to take external 
reactance into account in calculating the short-circuit 
current.'* 

The suggestion in selecting the rating of circuit 
breakers is not the method which obtained 10 to 12 
years ago. The rating as defined at present is accepted, 
but with the addition of a standard of quantity which 
at present is missing in regard to both power factor and 
factor of safety. Stability of the neutral point is best 
secured by " dead earthing " the neutral, but this is only 
recommended in the paper as being preferable to using 
a resistance which is too small. The compromise is, 
as recommended in the paper, an earthing resistance 
which will allow twice the full-load current of the 
generating plant to pass through it. The forces given 
as the loading of busbkrs at the peak of the short-circuit 
current appear to be high, but in the absence of a 
standard understanding as to the meaning of the size 
of plant corresponding to a 750 000 kVA breaker, it is 
difficult to check Mr. Ferguson's figures. If the circuit 
breakers are rated on B.E.S.A. recommendations, the 
plant would have an aggregate capacity of one-sixth ; 
that is, it would be 126 000 kVA wdth 10 per cent internal 
reactance, or, say, 250 000 kVA with 10 per cent addi¬ 
tional reactance. The corresponding short-circuit at 
the maximum of the transient would then be 2 500 000 
kVA, and I suggest that in stations like this a 
1500 000-kVA circuit breaker would be more suit¬ 
able. It is stated in the paper that a generator circuit 
with more inductance than 10 per cent internal reac¬ 
tance may require on short-circuit greater breaking 
capacity that that recommended in the same clause 
as a standard (page 434). Mr. Ferguson does not agree 
with this on the ground that an addition of 10 per cent 
external reactance will only alter tlxe phase angle of 
the short-circuit current by about 3 degrees. This 
may be perfectly correct, and a difierence of 3 degrees 
does not materially increase the arc energy, but there 
may be circumstances in the layout of reactance where 
tlie added external reactance amounts to very much 
more than 10 per cent, and it is in such cases that an 
adjustment in tlie switch rating would be necessary 
in order to compensate for the added arc energy due to 
very bad power factor, as there is evidence to show 
that beyond 86 degrees the arc energy increases very 
heavily. On the other hand the arc energy of a circuit 
of 46 degrees would appear to be about 33J per cent 
less. As recommended in the paper, it is of importance 
that the relationship between the arc energy and the 
power factor shall be accurately determined and taken 
into account when selecting the suitable rating of circuit 
breakers for their relative positions on the system, 
having regard to the natural and added artificial 
reactance in circuit. This, I thinlc, also replies to 
Mr. Christianson's question, in which he says it is not 
clear to him that the plant output and reactance on 
short-circuit has anything to do with the ability of a 
given circuit breaker to rupture any stated power in 
kilovolt-amperes or kilowatts. The fact that it is 
not cleafc to Mr. Christianson shows that the full efiects 
of artificial reactance require further elucidation by the 


collation and publication of research data on the subject. 
In one experience the addition of 30 per cent reactance 
to a short-circuit proved that a swritch, which had a 
breaking capacity more than sufficient for the short- 
circuit without tlie reactance, showed distinct signs of 
distress on the same circuit with added reactance, 
although the current was proportionately reduced. 

It is gratifying to find that Mr. Ratcliff is in the main 
in agreement with the views expressed in the paper. 
His experience on a high-voltage cable system is unique 
and of extreme importance to the art of protection. 
I think that his explanation of the use of reactances, 
not so much for permitting the use of switches having 
smaller breaking capacities as for preventing enor¬ 
mous concentration of energj^ is particularly apt. I am 
sorry, however, that his experience with cables leads 
him to prefer the open type of reactance. Possibly 
this is a correct view for reactances on 33 000-volt 
systems at the present time, but when cables at this 
voltage have the same standard of reliability as 
6 000-20 000-volt cables, then I hope he will revise his 
opinion. The metal-clad reactances are in use at the 
lower voltages and, as stated above in reply to Dr. 
Garrard, the losses need be no greater than with the 
open type. 

The hazards of compound-filled busbar chambers are 
less than the counterpart of cellular gear, and the risks 
of short-circuits are correspondingly less, as there can 
be no interference with the insulation once the chambers 
have been filled in. On the other hand, if the remote 
possibility of a short-circuit did happen, the damage 
would be restricted to the particular chamber, whereas 
the experience with open-type conductors as recorded 
by other speakers is that the trouble almost invariably 
spreads from panel to panel, usually witli disastrous 
results to the structure and causing extended discon¬ 
tinuity of supply, it must be remembered that the 
long arcs on short-circuits cannot be maintained on 
metal-clad gear owing to the comparatively close 
proximity of the conductors and earthed metal, and 
whilst there are many instances on record of serious 
explosions destroying switchgear buildings which have 
contained open-tjq)e switchgear, there are none known 
to have occurred to buildings enclosing metal-clad gear, 
nor is there any instance on record to my knowledge 
where injury has been done to adjacent panels. In the 
comparison of busbar design with cables it must be 
borne in mind that the clearances allowed in the case 
of the busbar permit a considerably larger margin of 
safety on insulation, and so there is every reason to 
expect that metal-clad busbars will be immune from 
breakdown. Hence, although busbar protection is by 
no means impossible, it has rarely been considered 
necessary. 

I think it is hardly safe to depend upon the charging 
resistances in switches to protect the end turns of machine 
stator windings, as, although tiie charging resistance 
does reduce the heavy current transient on switching-in 
at or near zero voltage, it must be borne in mind that 
the abnormal stress may also occur at other times than 
on closing the stator circuit by its own switch. However, 
the consensus of opinion appears to be in agreement 
with Mr. Ratcliff, that charging resistances are desirable 
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in certain cases for macliines on account of the moral 
effect of quietness in starting up. It is useful to record 
here that on the North-East Coast they are not used 
for switching-in static transformers, preference being 
given to suitable bracing of the transformer windings 
to enable them to withstand the heavy current transient 
stresses to which they are sometimes subjected. These 
stresses in any case are less than they must be capable 
of withstanding under “ through short-circuit condi¬ 
tions. Whilst the single-turn type of current trans¬ 
former may be unreliable for protective gear of the 
balanced-current type, it is worthy of note that the 
converse is the case on voltage-balance systems of 
protection. 

The point to note in regard to Mr. Ratcliff's remarks 
about discrimination by means of relays possessing 
different time characteristics in the diverter system is 
that the time difference is merely that obtained by 
reducing the inertia of a high-speed relay, the time 
difference of 0 • 06 second being all that is necessary, and 
being secured by speeding up the diverter relay to operate 
in 0‘016 sedond. The operating mechanism of the 
switch acting under the smallest fault condition com¬ 
mences in 0*066 second, and still retains what has been 
called instantaneous action, which, though not strictly 
correct, is sufficiently so for practical purposes. It will 
be seen that there is a safety factor between the operation 
of the^e relays of 4 to 1, which is a security for stability. 

I am glad to see that Mr. Ross supports my views on 
protective gear, particularly with respect to earthing- 
resistance values and tlie use of inertia to form, as it 
were, anti-surge relays. No trouble is experienced in 
balancing protective gear transformers when in tlieir 
chambers, provided adequate clearances are allowed. 
T agree that it is desirable to open the field switch by 
means of the relay whether under fault condition or by 
hand, but the alternator manufacturers usually object 
to the latter as routine testing, on the ground that the 
rotor is ^unnecessarily stressed. Equivalent tests are 
obtained by means of the emergency switch or the relay 
after the turbine is tripped on the steam side. 

Mr. Davies asks for a record of troubles in metal- 
clad gear. Most experience has been obtained in 
mechanical failures where the short-circuit kVA of the 
system has outgrown the original brealdng capacity of 
the circuit breaker. In such cases faults have proved 
the necessity for stronger mechanical construction, 
which has led to the use of steel tanks and top plates 
securely bolted togetlier. The failures through insulation 
are insignitlcant and have usually been traced to definite 
causes. The salient features are the localization of 
damage to the chamber in which the fault occurs. The 
suggestion that the horizontal break shown in Fig. 7 
may be dangerous, in that the arc can be blown above 
the oil, is erroneous. The actual break takes place in 
the centre of the tank and under an ample head of oil 
(20 in.). The figure is diagrammatic and is perhaps 
misleading in this respect. Further, too great a head of 
oil may not be advantageous. 

I agree with Mr. Davies as to the advantages of co¬ 
operation between supply undertaldngs and manufac¬ 
turers. The only safe and sure way of arriving at a 
suitable short-circuit kVA-rating for a* circuit breaker 


is from performances under actual service conditions, 
and I have always relied upon ratings obtained in this 
way in preference to purely theoretical considerations. 
As previously referred to, it is this experience with 
breaking-capacity performance that has led up to the 
comments and recommendations given in the paper for 
selecting a circuit breaker the performance of which will 
be perfectly satisfactory, both on the average and on 
the rare occasion. It is not always fully appreciated 
that British Standard Specifications refer to minimum 
values, and Fig. 19 was intended to show how only the 
easy case has been legislated for. I think that Mr. Davies 
is advocating a very dangerous policy if he relies upon 
any special design of movable contact to provide the 
necessary rigidity for the stationary contacts by forming 
a “ lock " between their extremities. In the first place, 
I fail to see how this so-called lock " is intended to be 
produced except in the form of a friction grip between 
the surfaces of the brushes and contact blocks. Ihis 
merely constitutes a restraint, which can hardly be 
likened to a " lock." In any case, such a restraint will 
only be present during " through " short-circuits, and 
as it is equally important to make the stationary contacts 
immune from mechanical damage when the switch is 
opening under a short-circuit, I prefer to make these 
portions inherently strong enough to withstand the 
stresses to which they are subjected. In situations 
where insulation might be liable to possible surface 
damage by burning, certain advantages are offered by 
the use of a vitreous material such as porcelain. The 
risk of cracking during compound-filling can be elimin¬ 
ated if precautions are taken to prevent any appreciable 
difference in temperature between the two materials. 
I agree that a high-pressure test is not the best means 
of determining whether cracks are present, and I prefer 
to adopt alternative means. I presume tliat Mr. Davies 
refers to bakelized paper insulation, and this certainly 
has its own sphere of usefulness. One of its chief 
advantages lies in the control of the dielectric stress by 
means of condenser layers, and I have found its use 
in this way to be most effective, especially on the higher 
voltages. Although it is very easy to provide separate 
accommodation for potential transformers and fuses, 
the chief reason for not doing so is one of economics. 
I think that it is better to spend the money on l^e 
construction of a sounder and more robust potential 
transformer and embody it in tlie isolator chamber 
which is of liberal dimensions, as this makes for sim¬ 
plicity in the equipment. A further distinct advantage 
is that by using single-phase transformers, interconnec¬ 
tion between phases is avoided, thus providing maximum 
security. Experience up to date does not record a single 
failure of a potential transformer mounted in enclosures 
as depicted in Fig. 7. This, I think, justifies the policy 
advocated and I have found it meets with general 
approval. 

I note Mr. Hall's general agreement with meted-clad 
principles, but he apparently prefers the half-way measure 
excluding compound filling. I think that this is per¬ 
missible in the smaller ratings and for low voltages, 
provided the clearances are suitably adjusted. 

In reply to Mr. Bannister, I do not recognize any 
limitations for metal-clad, gear for voltages above 
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35 000, blit we are dependent upon the further develop¬ 
ment of high-voltage cable design and I do not antici¬ 
pate that any difficulties will arise in providing satisfac¬ 
tory metal-clad designs for any voltage. I do not 
agree that air is necessarily a cheap form of insulation, 
as it has variable characteristics which entail large 
margins on the necessary clearances in order to cover the 
hazards which it introduces in comparison with solid 
dielectrics. With reference to phase-to-phase faults 
occurring in separated-phase types of construction, the 
possibility of simultaneous earth faults occurring should 
not be overlooked. Reference has already been made 
to this in my reply to Dr. Garrard. Brealdng capacity 
also has already been dealt with. With reference to the 
replacement of fuses in wet weather, the lid is not kept 
open for any length of time, and light building construc¬ 
tions have been used over the fuses. Something in the 
nature of an umbrella is really all that is required on 
the few occasions when it may be necessary to open the 
lid in heavy rain. 

I agree with Mr. Mellonie as to the importance of 
stability in the design of potential transformers and 
fuses, and would strongly support his recommendation 
for minimum sections of fuse wires and windings. The 
potential transformer, however, lias seldom been used 
on protective systems and never on the balanced systems 
of protection, and although trouble with such a trans¬ 
former is annoying it does not endanger tlie continuity 
of supply, provided it is correctly used. Its failure does 
not endanger the operators and hence it has not been 
given in the paper the same importance as current 
transformers. I agree with Mr. Mellonie*s objection to 
the use of carbon-composition resistances. Attempts 
have been made, and are likely to be very successful, 
to combine the required resistance with the fuse itself, 
thus obviating the introduction of any additional piece 
of apparatus into the potential-transformer circuit. The 
problem is to use a fuse wire sufficiently liberally rated 
to avoid risk of injury due to mechanical weakness, and 
when. this, size and strength is obtained the fuse on the 
high-tension side of the potential transformer must not 
be expected to do more than clear faults on the high- 
tension winding—^in other words, to protect the system 
from the transformer rather than to protect the trans¬ 
former itself from overloads or short-circuits on the 
secondary. It is certainly of primary importance for all 
trip coils to be rated with a good safe-ty factor. The 
no-volt trip-coil feature, however, is one which has not 
made for reliability of supply. On the other hand, the 
principal objection is the risk of it causing inadvertent 
tripping. This consideration would not lead one to 
expect much from an extended use of no-volt coils 
arranged to be open-circuited by relays on the several 
protective systems. The inadvertent operation of 
switches is sometimes more to be feared than the failure 
of a switch to trip when it ought to trip, and Mr. 
Mellonie’s virtue in exposing failures might become 
irksome. Adequate periodic inspection of tripping 
mechanisms is advocated in preference. 

Mr. Forrest's remarks are of great interest to me and 
I have already dealt with his criticisms relating to the 
duplication of circuit breakers. The adequate protection 
of circuit breakers which are unable to deal with fault 


currents owing to the increase in generating plant is a 
problem with which we are frequently faced, and the 
use of reactance in these circuits must be controlled to 
a large extent by local conditions. It is often preferable 
and more economical to replace the switchgear, utilizing 
the old gear in a more remote situation, on account of 
difficulties in voltage regulation. Experience has now 
taught us to allow a more reasonable margin in breaking 
capacity when determining the size of breakers for a 
new situation than was the case 10 to 15 years ago. 
Much attention has been given to the imf)ortant problem 
of determining the most efficient speed of break in a 
circuit breaker. As Dr. Garrard mentioned, it is the 
subject of . research at the present time and is one of 
those points on which further elucidation is pending. 
In the meantime, economic limits giving satisfactory 
results in practical service may be taken as between 
6 and 10 feet per second. 

Mr. Wilson would be treading on insecure ground in 
relying too much upon the ultra-sensitive setting of 
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relays. He makes no mention of how bis light settings 
would behave on transformer protection, for instance, 
where a heavy magnetizing current-rush must be dealt 
with. Moreover, his advocacy of light fault-settings is 
contrary to his preference for parallel-feeder systems of 
protection, in which the fault-settings must exceed the 
normal load currents in order to prevent inadvertent 
operating of a switch at one end when opening by hand 
a circuit breaker at the other; and, even so, there arc 
incidents in parallel-feeder protection where the sound 
cable is cut out instead of the faulty one. For example, 
in the event of an open circuit making a fault to earth 
on one side of the break only, as shown in Fig. C, the 
fault current will pass down the healthy line and switch 
B will trip out, leaving A closed, thus isolating the sound 
feeder and leaving tiie unearthed end of the faulty line 
alive. Mr. Wilson disapproves of using two existing 
cables on one split-conductor switch, on the ground that 
it involves the ,waste of an entire cable.. This alleged 
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waste only appertains when one of the cables has broken 
down, in which case it is out of service anyhow. In 
those cases where there is no suitable alternative supply 
the sound line may still be used by the addition of 
isolating switches on each cable and the substitution of the 
split-conductor protection by a heavy overload setting. 

Mr, Jones endorses the main points of the paper, and 
it must be admitted that the effect of the demands for 
safety in mines has had an all-important bearing upon 
the general improvement in switchgear construction 
throughout the whole electric supply industry, and it is 
opportune that one having so much practical experience 
should emphasize some of the significant exceptions 
which have come to his notice.. 

Mr. Taylor also refers to tlie possibility of an arc 
burning though the metal sheathing of switchgear, in 
accordance with his experience on cables. This point 
has already been touched upon. In the first place, 
owing to the elimination of foreign interference, the metal 
enclosure reduces the risk of internal failure. In tlie 
second place, the framework of the switchgear being of 
metal must make a good earth; and if it were possible 
for the arc to be maintained to earth there is very little 
risk of it not carrying sufficient current to operate some 
neighbouring overload release and thereby isolate the 
affected area. And thirdly, the metal enclosure of 


neighbouring sections of the gear renders it practically 
immune hrom injury, so that the fault is localized. 
Mr. Taylor's investigation into the use of metal- 
covered cables for very high-voltage service is on a par 
with the developments now proceeding on switchgear for 
corresponding voltages. His experiences also in regard 
to the damping effects of earthing resistances must have 
a bearing on the future policy, and I am glad he confirms 
that the damping effect will not be impaired by using 
the comparatively low ohmic value of the earthing resis¬ 
tances which are required to improve the stability of the 
neutral point and the protective gear. 

In conclusion, it is grattf3dng to notice the marked 
change which has come about in the general acceptance 
of the metal-clad principles, particularly in the discussions 
at the Local Centres. My thanks are accorded to many 
speakers who have been kind enough to attribute this 
to my own personal endeavours, which after long years 
of opposition have actually led the principal opponents 
to acquire for themselves designs of the same type. 
However, it would be more correct to attribute it to a 
school of engineers, including users, who have from 
time to time furnished the results of experiences and 
designs and thus created the demands which have built 
up the practice at present characteristic in the largest 
power station equipment in this country. 
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Western Centre, at Cardiff, t December, 1924. 


Mr. J. W. Burr: After reading the paper, I am 
more than ever convinced of the desirability of the 
50-period supply. All the author's troubles seem to 
arise from the fact that the supply in parts of his area 
is at 25 periods. There seems to be no difficulty in 
dealing with the. distribution problems by means of 
static transformers. If, for any reason, there is a bad 
voltage-drop on a line running out from the substation, 
there is no difficulty in installing an automatic voltage 
regulator near the desired point to suit the particular 
drop. In regard to traction supply, I have yet to be 
convinced that it is desirable to install mercury rectifiers 
instead of an automatic rotary-6onverter substation. 
The author’s substation appears to be very large. At 
Swansea the substations are about 20 ft, square, and 
by means of static transformers we are able to supply 
a demand at any individual substation up to 600 kW. 
Compared with the author's substations, tliis means a 
considerable saving. 

Mr. W. J. Bache: Do the bulbs give any indication 

* Paper by Mr. G. Rogers (see page 157). 

VOL. 63. 


that they are approaching the end of their life ? With 
regard to the provision of spares, I gather that it 
would be only necessary to have one set, instead of 
having a complete stand-by as in the case, say, of a 
600-kW rotary substation. Where a severe short- 
circuit in a traction substation shuts down the whole 
of the plant, there are eight bulbs to start up again, 
and the first bulb switched in will be severely overloaded. 
How does the automatic plant bring the whole of the 
bulbs into operation ? 

Mr. A. J. Newman: Has the author had any experi¬ 
ence with rectifiers used for conversion to direct 
current for purposes requiring wide variations of speed 
and possibly inching, such as dock crane work, cigarette¬ 
making machinery, and printing processes ? With the 
general acceptance of the three-phase system as a 
standard for distribution, such experience would be 
extremely useful and would provide a happy solution 
to many problems often met with by a supply engineer. 

Mr. F. Ellis; Can the author give the approximate 
cost per kilowatt of installation as against the ordinary 

32 • 
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s^tic substation, and state* how the transformer losses 
compare ? Does the mercury-vapour bulb give what 
might be called a direct or unidirectional current ? 
I shotdd be glad if the author would detail the cycle 
of operations taking place in the bulb from the a.c. side 
to the d.c. side. 

Mr. W. A. Ghamen: Mr. Burr has attributed the 
troubles experienced at Birmingham to the use of 
26-period current, but I think that they were due to 
the use of direct current. It air depends upon the 
way the matter is looked at. Reference has been made 
to the springing up of residential districts in the Bir- 
mingham ^ea. We have had a few such districts to 
deal with in South Wales, but our method of tackling 
the problem has been different. Many thousands of 
houses axe lighted by current at 25 periods and I have 
lived for six or seven years in such a house. It is 
impossible to dispover any flicker at all from 60-watt 
lamps used out of doors for street lighting. The S3rstem 
described in the paper might be usefully applied to 
places- in South Wales where a direct-current supply 
exists and where a bulk supply might be required from 
26-period current. 

Mr. J. B. mgham: In Fig. 6 the 276-kW boosting- 
plant power-factor curve remains well above 90 per 
cent from quarter load to full load, widle in the other 
two curves, for 92-kW and 660-kW Hghting and traction 
plants respectively, it rises sharply to 90 per cent at 
about half load, afterwards following approximately 
the 276-kW boosting-plant curve. Is there any par¬ 
ticular e^lanation for this ? What purpose does the 
choke coil serve in the low-tension anode circuit ? The 
flickering of lights on 26 periods can be considerably 
reduced by adopting the right type of shade or reflec¬ 
tor for the particular lamp, or lamps, employed. Where 


direct lighting is employed the effect is particularly 
noticeable unless correct and scientific shades are fitted, 

Mr. T. H. Haigh: Has the author given a 26-period 
supply to any of the Birmingham consumers without 
first informing them of the periodicity ? My house 
has been supplied for 11 years with 25-penod current, 
and I have not noticed any flickering; only ordinary 
common-sense shades, such as would be used on any 
good lighting scheme, were employed. The company 
with which I am connected has many thousands of 
consumers on the 26-period supply and has never had 
a complaint from them. Possibly they did not know 
that the 26-period system was being used. 

Mr. C. T. Allan: I have had an even longer experience 
than Mr. Haigh of lighting at 26 periods and I have 
suffered no inconvenience. A case came to my know¬ 
ledge of a local authority's 60-period supply being 
changed over to 26 periods without the consumers 
being aware of the change. 

Mr. W. Naim: I have no fault to find with 25-period 
lighting, provided the voltage is normal and that a 
little special attention is paid to the shades. As 
regards domestic appliances such as vacuum cleaners, 
cookers and radiators, a frequency of 26 is quite satis¬ 
factory. With regard to traction supply, I am rather 
doubtful about the desirability of using the automatic 
reclosing circuit breaker described by the author. In 
the event of a trolley wire falling to the ground, it is 
not desirable to have the supply restored immediately 
the wires are picked up. Probably the linesmen have 
instructions to open the feeder switch at the line end 
before handling the wire, but this means two sets of regu¬ 
lations on a matter which affects the safety of the public. 

[The author's reply will be found on page 478.1 


North-Eastern Centre, at Newcastle, 12 January, 1926. 


Mr. L. C. Benton: The author’s decision as given in 
the opening paragraph is correct, and I would-go even 
further ^d say that in almost all cases where direct 
current is required, automatic converting plant is the 
best solution. He adds that " it is possible to' carry 
automatic control to any extent,” and in my opinion 

economy and greater jreli- 
abihty, in addition to the labour problem, will eventually 
result in hot only the conversion but distribution and 
even, to a large extent, the generation of electricity 
bemg antomaticany controlled. The pioneer work on 
rectia^ carried out in Birmingham is only fully 
appr^ated after visiting the substations referred to 
m the paper. The glass-bulb rectifiers in particular 
have a most unmechanical appearance and their 
operation with the peculiar coloured arc is both 
fasc^ting and weird. I consider that the author has 
made a good case under certain conditions tor small- 
^pamiy rectifiers up to, say, 200 kW. No doubt there 
IS a futare, greater than is now realized, for rectifiers 
wen of large capacity, as existing troubles wiU be 
ehi^ated as time goes on. Knowing the difficulties 
that ^er users of rectifiers have experienced, one 
wonders to what extent the success at BimningiiaiTi 


is the result of the very thorough manner in which 
the. problem has been tackled. The author refers to 
the first automatic rotary converter substation in 
this country, which was installed at Liverpool some 
2 J years ago and which has been an unqualified success. 
An indication of the strides in automatic convertmg 
plant already made in this country is the decision of 
one of the London underground railways to install, 
in connection with a new extension, a remotely con¬ 
trolled rotary converter substation of 4 600 kW capacity 
with automatic gear control. Referring to the esti¬ 
mates given in the appendixes to the paper, I am 
strongly of the opinion that the figures given for rotary 
converters are excessive and that for capacities of 
600 kW and upwards actual costs are decidedly 
unfavourable to rectifiers. The annual maintenance 
allowance given for bulbs seems to indicate frequent 
renewals and. is many times ihe maintenance costs of 
rotary converters. Many rectifiers have been installed 
on the Continent; this is perhaps partly due to the 
le^ reluctance of the Continental engineer to use com¬ 
plicated and fragile apparatus, As no reference is 
made in the paper to interference with telephone cir¬ 
cuits by rectified current, I should like to ask the 
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author if he has had any trouble of this kind and, if 
so, what steps have been found necessary to eliminate 
what can be a very disturbing influence. In view of 
the characteristics of rectifiers, is it possible to arrange 
for satisfactory parallel operation with rotary con¬ 
verters, especially if the latter be compound-wound ? 
It is not possible to obtain power factor improvement 
with rectifiers as with rotary converters. “ Forming " 
of the anodes is said to be essential. This is really a 
warming up ” process and yet excessive temperature 
is fatal, as evidenced by the need for continuous coohng 
by water or a fan in the iron and glass types 
respectively. What is the temperature of the anodes 
during normal operation, and what are the gases 
that have to be driven off during the forming'' 
process, or the impurities in the anodes that give rise 
to the gases which cause flash-overs ? The ‘ author 
mentions that as the result of experience it has been 
found necessary to use reverse-current protection 
when bulbs are running in parallel, to avoid the flashing- 
over of one bulb causing a similar failure in the other. 
Is he satisfied that the speed of operation of the circuit 
breaker is high enough to- give the desired protection ? 
From the appearance of certain bulbs when in service 
it would seem possible that they might eventually 
" mirror sufficiently to cause a flash-over. Has the 
author known this to happen, and, if so, what is the 
remedy ? I have heard that there is a risk of failure 
if a bulb is thrown on to full load when first installed. 
Does this mean that a certain amount of forming ” 
is desirable with the bulb type ? Can the author say 
what the life of :a bulb operating at, say, full load would 
be in the event of the cooling fan failing ? As I 
understand that flash-overs are usually the result of 
loss of vacutim, what effect has a failing vacuum on 
the efficiency of a rectifier ? While describing the 
method of operation of automatic rectifiers the author 
remarked on the simplicity of the necessary gear. 
Whilst .-'admitting that the absence of synchronizing 
apparatus is a good feature of rectifiers, I suggest 
that the automatic starting gear for rotary converters 
is also simple. It is the devices subsequently found 
necessary to add to give protection against service 
emergencies that cause the comparative complications. 
From the author’s remarks it is evident that experience 
of rectifiers under load conditions has resulted in a 
gradual addition to the devices considered essential, 
and when one remembers the cooling arrangements, 
vacuum pumps and gauge, motor-generator set for 
striking the arc, no-load resistance and so on, one will 
realize that rectifiers require many accessories. 

Mr. R. D. Spurr ; We must not forget that Birm¬ 
ingham is handicapped by having a three-phase 
26-period supply and cannot develop 4-wire a.c. distri¬ 
bution in outlying districts in the same manner that 
other places with three-phase 50-period supplies are 
doing. I do not agree with the author that direct 
current has distinct advantages over alternating current 
for domestic supplies and cooking, and although there 
are undoubtedly special cases where d.c. power is 
more suitable there are also cases where a.c. power is 
wanted when only direct current is available. The 
d.c. networks described are very small and we are 


told that, as the load increases, the rectifier substations 
are to be enlarged in size and increased in number. 
It is generally agreed that we are at present only 
touching the fringe of the domestic load in this country ; 
it is also agreed that it takes quite a large number of 
domestic consumers to make up a 40 or 50 kW demand 
but the scheme outlined in the paper does not appear 
to allow for future additions of any great magnitude 
before it becomes saddled with an unwieldy number 
of small converting units. The proposed subdivision 
of converting plant almost approaches the old house- 
to-house system of a.c. distribution which has gradually 
been displaced by larger and more efficient substations. 
I think that in estimate No. (2) of Appendix 2 for a 
manually-operated substation the cost of e.h.t. feeders 
and four low-tension feeders is excessive; if it is 
correct then an omission has been made in estimate 
No. (3). I cannot visualize the two estimates as affording 
equal faciUties for handling equal loads, unless there 
are some local conditions very much in favour of 
estimate No. (3), and if so some allowance should be 
made or further explanation given. 

Mr. T. Garter : What would otherwise have been a 
serious disadvantage to consumers of current for 
lighting in the author’s area has been turned into a 
real advantage by the rectification of the current. 
To me the fluctuations in the light, even at the 40 periods 
of i this district, are sometimes very noticeable, and at 
25 periods I am told, although I have not had personal 
experience, that the effect is often really very trying. 
By means of rectifiers, the current supplied to con¬ 
sumers in and around Birmingham is a slightly pul¬ 
sating one with a frequency of 160 per second, and 
the lighting must be very pleasing. Something has 
been said by previous speakers to t^ow doubt on the 
wisdom of putting down comparatively small sub¬ 
stations ; but, after all, it is what the consumer has 
,to pay that makes the supply attractive or the reverse, 
and I should like very much to know what charge is 
made for lighting current and current for domestic 
use geherally in the districts served by the rectifier 
substations. It would be interesting to compare it, 
for example, with the charges here, where the fiat rate 
is 6d. per unit plus a meter rent. We have a special 
tariff also, under which, it is said, the charge is Id. per 
unit for electricity; but I understand that this tariff 
includes some extras, and it is necessary to ascertain 
what the amount of the extras is before the real cost 
to the consumer is known. It is easier, therefore, to 
compare flat rates, and'I hope that the author will 
give us some information on the subject. 

Mr. H. W. Clothier : Where two or more rectifiers 
are employed in parallel, as shown in Fig. 9, four separate 
high-tension panels are used for each rectifier set. 
The size of these circuit breakers will be determmed 
by the kVA to be dealt with during a short-circuit at 
the point in question, and, in a case like Birmmgham, 
the switchgear for dealing effectively with this may 
be somewhat expensive. Would it not be possi e o 
parallel the transformers and effect an economy y 
reducing the number of panels required ? The paper 
is very useful in demonstrating^ the extent to which 
switchgear problems enter into modem systems o 
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supply. Whether ax. or dx. distribution is the more converter equipments provide for complete manual and 
economical or advantageous system to adopt, time semi-automatic operation of the plant, when, so de- 
must determine whether the mercury-vapour rectifier sired. The main item inherent in the two types of 
is really more economical in the long run than the plant seems to be that the automatic synchronizing 
alternative rotating plant. The author emphasizes the and starting equipment of the motor converter has its 
simplicity of his static equipment. Whilst agreeing counterpart in the rocking and arc-striking equipment 
with him, I suggest that the automatic control of the valves. The relays and general automatic 
apparatus for a motor converter can be made no more gear on the control board are much the same. The 
complicated, even when including all the relays necessary author states that valves may flash over on an over- 
for fully automatic working, together with a discriminate load. How do they behave in the event of a short¬ 
ing system of locking out and reporting back to a circuit ? 
central control station. The complication depends 

upon the function required; for instance, some motor- [The author’s reply will be found on page 478.] 
Scottish Centre, at Edinburgh, 13 January, 1925. 


Mr. G. W. Marshall: In the summary of the paper, 
the author stresses the value of the rectifier as a d.c. 
feeder booster, which I believe to be its most successful 
application to power supply systems. He shows that 
as an economic proposition, the scheme followed by 
Birmingham is better than that of increasing the d.c. 
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Fig. a.—C omparative efficiences of small rotary converters 
and mercury rectifiers witli step-down transformers 
(5000 volts a.c. to 440 volts d.c.). 

low-tension copper, or of laying down large "rotary- 
converter stations. He is, however, discreetly silent 
on the relative costs of low-tension a.c. systems and 
dx. systems. There is always the possibility that some 
epoch-making invention will restore direct current to 
favour, and we must take the risk* of that eventuality 
occurring. It is, however, a much simpler and cheaper 
matter to change from alternating to direct current tlian 
the converse. The steel-cylinder rectifier has not 
given very great satisfaction* in this country, but on 
the Continent it has done very well, and both the 
A.E.G. and Siemeiis-Schuckert have developed steel- ' 
cylinder rectifiers for large outputs. It is significant, 
however, that both of these firms have adopted the 
glass-bulb rectifier for the capacities which Birmingham 
has standardized. The author has not made an 
exact comparison between the • 92-kW. rectifier and * 
the rotary converter of corresponding size.' As a 
matter of interest I took . out. some costs and figures 
for; the corresponding small rotary converter, and 
I am ^ satisfied that these would approach, very near 
to thosp for the rectifier under the conditions exist¬ 
ing at Birmingham. . The efiBiciency is at least'4 per ' 


cent better at full load, and is as good at quarter load 
(see Fig. A). The price is about 6 per cent less, and 
the advantages of the rotary converter in overload 
capacity and in power factor are very marked. The 
main claim of Birmingham on behalf of direct current 
is that battery stand-by can be provided, I feel sure, 
however, that a purely a.c. system is more reliable 
than a d.c. one, even when there are batteries to fall 
back on. in emergency. The standard economic argu¬ 
ment (or apology) for direct current is that the per¬ 
centage increase in capital required is so small that it is 
not worth serious consideration. This item should, 
however, be considered in conjunction with the following 
consequential increases in expenditure: Increased 
stafl, maintenance and building charges on converting 
plant; decreased conversion efficiency; and increased 
initial and maintenance cost of meters. 

Mr. E. Seddon: The application of the t3rpe of 
rectifier described in the paper is, of course, specially 
suited to stations operating at low frequency. The 
tramway supply referred to is of special interest, as 
this rectifier is an attractive proposition on tlie liigher 
frequencies for such purposes; but the cost would,. I 
think, operate against the rectifier for heavy traffic 
conditions requiring a large amount of power. It is 
of interest to me to know that the bulb lasts so long ^ 
8 000 hours; I was of the opinion that the average life 
was very much less than this. In large power stations 
the installation of turbo-driven ax. generators is now 
standard practice, and in consequence -of this the 
extension to d.c. distribution has been curtailed. The 
universal application of electricity for all purposes 
malces it incumbent on the engineer to reduce the cost 
of production as far as possible, and. in this re.spect 
the losses incurred in transmission and conversion are 
serious factors, In Edinburgh the transmission, con¬ 
version and distribution losses amount to 16 per cent 
of the total output to feeders, and about 76 per cent of 
the total output is converted to direct current. If 
we are to extend the d.c. system, we must find some¬ 
thing which will be as efficient and reliable as the, static 
transformer. Where the energy is generated at 60 
periods per second,, a.c. distribution, in my opinion, 
has no equal for cheapness and flexibility. 

Mr. A. P. Robertson z I think that for traction the 
systein advocated by the author has possibly some 
advantages, but I do not agree with him when he says 
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on page 157 that direct current has distinct advantages 
over alternating current for domestic supplies. I 
should like to ask what the advantages are. I have 
heard that alternating current is very dangerous to 
have in tlie house, but I never heard of any fatality 
that could be traced to the use of alternating current 
as against direct current, and if the author could give 
any concrete reasons for this statement I should like 
to hear them. I do not think that lighting at 25 periods 
is unsatisfactory. There is a very slight flicker, but 
this is overcome by ordinary shades, unless in a very 
small room where the ceilings and walls are white, but 
the flicker is not objectionable. The steel-cylinder 
rectifier is quite successful in certain ways, but I think 
that the glass-bulb rectifier is superior to it. The 
steel-cylinder rectifier has too much other gear con¬ 
nected with it, and that is a disadvantage. In addition 
the formation of the anodes is a great drawback. The 
glass-bulb rectifier, on the other hand, has no pumps 
and does not lose its vacuum. If left out of service it 
does not require to be re-formed, and the wiring is 
very much simpler. In regard to the automatic 
features of the steel rectifier given on page 169, after 
the oil switch is closed I do not see any provision for 
stopping the sequence of operation if the vacuum is 
not high enough. Then, again, the temperature of the 
cylinder is a very vital point and I see nothing to 
contr<«l it. Also, no provision is made for switching 
out should the vacuum fall, and loss of vacuum is the 
cause of most of the short-circuits and failures in steel 
cylinders. I believe that one of the causes of the 
success of the steel rectifier in Birmingham is, first, 
that it is a single cylinder on its own transformer; 
secondly, that it runs in parallel with a battery; and 
finally, that it is very seldom on full load. The glass 
rectifier, of course, has very great advantages over 
the other type, and these are obvious in reading the 
paper. Fig. 14 shows a substation of 276 kW feeding 
into an' existing network. The author says that he 
feeds across the outers, and depends on the balancing 
from the nearest rotary substation. If the substation 
is more than 2 miles away this is not satisfactory unless 
there is a middle wire and a balancer of some kind. I 
am speaking of a rotary substation where the middle 
wire is left out periodically, and when the middle- 
wire switch is closed the balance is quite satisfactory. 
We in Glasgow have several substations with semi¬ 
automatic control, and the cost of that equipment is 
£150 per machine. The substation has all the good 
points of a fully automatic substation with the exception 
that it does not start up, and as the load on the sub¬ 
station is more than one machine can take satisfactorily 
at the peak we have a man in attendance, who puts in 
an extra machine over the peak and goes home when 
the load drops to the capacity of one machine. 
This machine runs day and night and is only shut 
down during the period that the man is there for clean- 
ing. Another of our substations has no attendant at 
all; it is started up on Saturday after cleaning, which 
is done weekly, and left with no attendance unless 
outlying plant men happen to be passing. These 
men have instructions to enter every time they are 
near. We find that system perfectly satisfactory. 


For outlying districts, or where a district is being 
developed, I am of the opinion that a.c. distribution 
is best. Table A shows some figures which I took out 
for substations of about the same capacity as the 
installations detailed on page 172. 

Table A. 

Comparative Costs of Stihstations. 


Static Substation, 300 kVA, £ 

Building, including site .. .. .. 400 

300-kVA transformer . . .. .. 400 

E.H.T. switchgear . . .. .. 260 

L.T. switchgear, including 2 feeders .. 80 

Cabling, etc. .. .. .. . . 200 


£1 230 


No attendance required. 

Rotary Substation, 250 hW. £ 

Building, including site.1 000 

Rotary converter, 250 kW . . . . 1 800 

E.H.T. switchgear .. . . . . 250 

L.T. d.c. switchgear, including 2 feeders 360 

Cabling, etc. .300 

Semi-automatic gear , . . . , . 100 

Capital cost of half time of man as he 
is only required to start and clean 
machine .. . . . . .. . . 1 000 


£4 810 


Mercury Rectifier Substation, 276 hW, £ 

Building, including site .. . . , . 400 

276-kW rectifier. 2 246 

E.H.T. switchgear . . . . .. 225 

L.T. gear, including automatic gear . . 350 

Cabling, etc. .. .. .. .. 50 


, £3 271 

I have omitted external cal^ling in all cases, because 
each case is different in this respect. Three 300-kW 
transformers will cost but little more than one rectifier 
substation, and I do not think that the attendance 
would cost very much. The feeders would be shorter, 
and there would be less loss in the copper. 

Mr. W. S. Sawtell: I should be glad if the author 
would give some further information, regarding the 
suitability of the rectifiers, described in the paper, for 
supplying a d.c. network which requires a 24 hours' 
service. This is somewhat different from the service 
anticipated by the author, inasmuch as on the system 
described in the paper is a ring of substations all inter¬ 
connected ; for that reason each and every equipment 
has a stand-by. On page 158 the life of the bulbs is 
given as 8 000 hours, and Mr. Seddon, during tlie dis¬ 
cussion, gave 4 000 hours as the average life. If these 
sets are to maintain a 24-hour service daily, the system 
will be shut down once every 6 months as the result 
of bulb failures alone. This is rather serious, espepially 
if one of these rectifiers be installed in a station,without 
attendance and situated some miles from the nearest 
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depot. How long is allowed for changing a bulb, and 
what happens when a bulb fails ? What are the chief 
reasons for failure, and what happens to the bulb if 
the protective switches fail to act when an external 
short-circuit occurs ? Considering this matter from 
the aspect I have mentioned, I thi-nlr station engineers 
will agree that the voltage regulator should have a 
compound chracteiistic. I should be glad to know if 
the regulator described can be so designed. Mr. 
Robertson criticized the author’s figures for the cost of 
his substations. I have not gone fully into the matter, 
but I notice that the cost of high-tension switchgear 
seems unusual. For instance, in Appendix 3 the figure 
of £323 includes the cost of ^ high-tension fe^er switch 
panek, 1 busbar coupder switch, and 4 transformer 
switch panels, the average cost being £46. I think 
that the author would do considerable service by 
mentioning the name of the maker of this switchgear, 
as we must assume that he has found! it satisfactory. 

Mr, A. E. McGoU: I cannot accept the author’s 
statement that alternating current is unsatisfactory 
for domestic supplies. This seems to me to be a rather 
sweeping condemnation of the many efficient and 
satisfactory supplies given from 60-period systems. 
On the lower periodicity of 25, pbjection is occasionally 
taken to the use of alternating current because of 
what is termed the " objectionable flicker.” The 
company with which I am associated have carried out 
experiments in order to determine if this " objection¬ 
able feature ** can be reduced to negligible proportions. 
Our view is, therefore; that if scientific principles plus 
a little ordinary intelligence are applied to domestic 
lighting the bogy of flicker need not deter the con¬ 
sumer from adopting, or prevent the supply authority 
from developing, 26-period power for illuminating 
purposes. For the scattered urban areas which are 
indicated as being the main field for the emplo 3 nnent 
of the glass-bulb rectifier, I do not see that there is 
any economic justification if 60-period alternating 
current is available. With alternating current we give 
supply from an essentially sound, efficient ani satis¬ 
factory piece of apparatus, and why should we reduce 
the safety factor of the continuity of supply by intro¬ 
ducing what seems to me to be an essentially weaker 
feature, viz. the glass-bulb rectifier? Perhaps there 
may be some justification for the use of the rectifier 
in certain cases such as acting as boosters on extensions 
of existing d.c. networks. Where an undertaking is 
committed to tiie laying down' of a new low-pressure 
distribution system for domestic supplies, and alter¬ 
nating current is available, I see no. justification for 
altering the system of supply. The rectifier appears to 
be a satisfactory piece of apparatus oh isolated tram¬ 
way routes with an infrequent car service, as it can 
be made automatic at a lower expenditure is 
the cahe wftii a purely automatic rotairy .converter. 

Prof?, .Frf G, Baily t I think «that ^Mr. Seddon is 
probably quite correct in his statements as to .the life 
Of the biilbs. Manufacturers are; however, working 
very hard extending the life of the larger bulbs.. iWe 
Imd* the same Experience' when the tungsten lamp was 
first inteoduiced, and again when the gas-filled lamp 
vms brought out, but once the’initial difficulties-were 


overcome very few complaints were received in regard 
to short life. 

Mr, H. F, Hunt (communicated) : As regards the 
retention of direct current in certain districts, and the 
general tendency in others for its replacement by 
alternating current, I think we ought to keep in mfn/f 
the possibility, though admittedly remote so far as 
can be foreseen at present, that future generaitions 
may witness developments in electric - lamps—^not 
necessarily of the present filament or even Vacuum- 
tube type—for which direct current alone will be suit¬ 
able. Should such circumstances arise, many districts 
might have to revert to direct current with rectifiers 
or rotary conv^ers, whereas Birmingham would be 
ready and would be saved the large capital cost of a 
double change-over. 


Mr. G. Rogers (iw reply ): Mr. Burris not convinced 
of the desirability of using automatic rectifiers for 
traction purposes. I can only say that I should like 
him to see the substations actually in operation and 
again carefully to examine the costs of this plant as 
compared with those of rotary converters. 

In reply to Mr. Bache, bulbs do not give any indication 
when they are approaching the end of their life. Where 
a severe short-circuit occurs on the traction system, 
normally the feeder circuit breaker opens and ^clears 
the fault, and will reclose again only when the fault 
conditions axe removed. It sometimes happens that 
the short-circuit is so severe that it also opens the 
overload circuit breakers protecting each bulb. These 
breakers reclose before the time lag of the feeder circuit 
breaker has expired. Should the main high-tension oil 
switch supplying a transformer be opened, then the 
one set remains out of service until re-started by manual 
operation. 

In reply to Mr. Newman, I have had no experience 
of rectifiers on the particular work referred to, * but the 
demands such as traction load, particularly on the 
pealc, would be very similar to. those made by crane 
work, etc. I should imagine that the bulbs would be 
entirely suitable for this class of work. The transformer 
losses are a little more for the rectifiers than for static 
transformers. 

Mr. Chamen, with others, refers to the troubles ’’ 
experienced .in Birmingham. I would say that these 
speakers are under a misapprehension. We are per¬ 
fectly satisfied with the 26-period, a.c, supply, and 
consider the d;C. supply to be the best that’can be given 
for all domestic purposes. . I note that Mr, Chamen 
agrees that where a d.c. supply exists, and where 9 , 
bulk supply may be required from a 26-period supply, 
rectifiers may be used with advantage^ 

Mr. Higham raises the question of the power factor 
of the plant for traction and for lighting purposes. 
The diflerence. in the figures is due to the difierent 
values of the-reactance in circuit. The choke coil in 
each of the low-tension anode circuits is to allow of 
paxallelrunning. 

Mr. Naim qualifies his approval of a 26-period stipply 
by: stating thati the voltage must hot vary and that 
special attention must, be paid to the shades. 
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Mr. Benton q^uestions tlae accuracy of the figures 
quoted in Appendix 2 for rotary converters. The 
figures given in tlie estimate were ^e ruling prices for 
the plant at tine time th.e estimates were made. In 
regard to the inse of reverse-current protection when 
the bulbs are running in parallel, this method has be,en 
adopted on later sets and at the moment I am not 
satisfied that tlie speed pf operation of the reverse 
breaker is great enough to give the desired protectidn. 
Experiments are still being carried out in this respect. 
Occasionally bulbs mirror over, the mercury forming a 
deposit on the. inside of tbe bulb. By applying light 
loads to the bulb it is possible to remove the film of 
mercury. Witb regard to the risk of failure, it is 
obviously a strain on a new bulb to switch full load on 
immediately. a.nd it is better to warm the bulb up 
gradually, starting with a low load and working up to 
full load. This process, however, is not e-bsolutely 
necessary. The life of a bulb operating at full load in 
the event, of a cooling fan failing, would depend on 
circumstances; A. 230-volt bulb was subjected to full 
load for 1 hour: vrithout the fan miming. The bulb 
became very hot, but no flash-over occurred and the 
bulb suffered no ill-effect whatever and is stijl in service. 
On the other band we have had one case where the 
failure of the fan caused a flash-over in the bulb. It 
had been running on light load for some hours without 
the faja, but failed on the peak load in the evening. 

Mr. Spurr diraws attention to the small $ize of the 
three-wire lighting substations described in the paper. 
These substations, as now standardized, are capable of 
containing up to 760 kW of converting plant. In the 
areas now being developed by this means, this is likely 
to be sufi&cient for some years. Additional substations 
can be put down as in the case of static transformer 
substations.. 

I agr^ with. Mr. Carter that the supply at 26 periods 
can.be very trying, and I note his remarks that even 
at a periodicity of 40 the flicker is sometimes very 
noticeable. The charge to the consumer , for a supply 
in the areas opened up by the rectifier substations is 
4id. per unit for lighting and ijd. per unit for heating 
and power, I note that this compares very favourably 
with the flat rate of 6d. per unit at Newcastle. 

In reply to Mr. Clothier, where rectifiers are employed 
in parallel tho advantage of supplying each pair of 
bulbs with a separate high-tension switch, is that it 
allows-of th^ spbtting-up of the unit, and in the event 
of a fault on, ..one h^ the other half is available for 
service. With the type of switchgear used, the arrfnge- 
ment is -not very^ expensive. 

In. reply to Mr. Marshall, I am convinced that for 


plants of small capacity the automatic rectifier sub¬ 
station is preferable to rotary converter equipment. I 
cannot agree that a purely a.c. system is more reliable 
than a d.c. one when provided with batteries to call 
upon in an emergency. 

Mr. Seddon agrees that the reqtifier for traction 
supplies in the case described in the paper is very 
attractive. 

I would refer Mr. Robertson to the Annual Report of 
the Senior Electrical Inspector. The following is an 
extract taken from his report of 1922: . of the 

medium-pressure and low-pressure accidents, 10 fatal 
cases were due to shock from alternating current at 
260 volts or less, as against none from direct current. 
This is entirely in accordance with the experience of 
previous years/* Referring to the automatic features 
of a steel-cylinder rectifier given on page 169, I agree 
that no provision has been made to stop the sequence 
of operations if the vacuum is not high enough. During 
the long period this set has been in service, however, 
no trouble has been experienced due to this. If the 
vacuum failed completely I would point out that the 
arc would not strike and the set would not go into 
commission. Provision can now be made for this 
feature, however, and has been described elsewhere in 
the discussion. Table A is interesting but it clearly 
shows the advantages of the completely automatic 
rectifier substation over the semi-automatic rotary sub¬ 
station which, according to Mr. Robertson, works out 
to £19 2s. per kW, against £11 8s. per kW for the 
completely automatic rectifier equipment. 

In reply to Mr. Sawtell I would say that all the out¬ 
lying substations mentioned in the paper for three-way 
supply give a continuous service. In some cases the 
network is run entirely separate from any other supply 
and under these conditions is quite satisfactory. With 
regard to the life of the bulbs, the 8 000 hours men¬ 
tioned was the number of hours the test-bulbs had 
been in service at the time the paper was written. 
These bulbs are still in service and have now burned 
for ov&r 12 000 hours. The average life of a bulb 
cannot be taken as 4 000 hours—it is considerably 
more than this. The voltage regulator described in the 
paper cannot be given a compound characteristic. 

In reply to Mr. McCoU, I must point out that the 
statement in the paper that alternating current is 
unsatisfactory for domestic supplies, distinctly referred 
to an a.c. supply at 26 periods. 

I agree with Mr. Hunt's remarks. In the futtire 
there are bound to be great developments in the mercury 
r^i^er. This may also apply to the use of thennibnic 
yalv^ for heavy-current work. .... 
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DISCUSSION ON 

'^THREE-WIRE DIRECT-CURRENT DISTRIBUTION NETWORKS.”* 
North Midland Centre, at Bradford, 10 March, 1925. 


Mr. C. A. Gillin; On page 337 the author refers 
to a neutral conductor. This should not be too small, 
as in the event of faults it will have to carry the same 
current as the others. I think that the author lays 
rather too much stress on the current-carrying capacity 
of the cables. Even in the case of feeders, the size 
of the cable is chiefly determined by the voltage-drop. 
One has to arrange the feeders, no matter what the 
lengths are, so that the voltages at the feeding points 
are more or less equal, otherwise spare machines have 
to be run on separate bars, which necessitates running 
at a more or less inefllcient rate, particularly on the 
larger machines. Referring to the " Method of Laying,” 
on page 339, I do not agree that any saving in capital 
charges results by the use of conduits. Conduits have 
their uses, but their ’abuses appear to me to be more 
prevalent. There is a tendency to put down more 
conduits than may at present be necessary, and the 
extra cost of these added to the extra cost of their 
installation—for example the extra depth of excavation 
to get a decent run, in which case one often has to go 
three times as far down as one would with direct-laid 
cables—^adds from 30 to 70 per cent to the cost of the 
job. The capital charges for the loan period of 25 years, 
the period granted by the Electricity Commissioners for 
mixed systems, at per cent interest and 3J per cent 
accumulative sinking fund amount to 7*07 per cent 
per annum, and it is only a matter of a few years 
for a payment at this rate to become greater than 
the cost of opening up the ground again. We then 
have a further advantage in that it is possibly to lay 
additional feeders in the same trench for a considerable 
portion of the route, and of thus reducing future 
annual capital charges. There is another point about 
the conduit system. I notice that the author mentions 
that in his opinion it is not necessary to put concrete 
round a duct, but generally speaking I think it is 
very necessaty, although this increases the cost of the 
job. In addition it seems to lead outside contractors 
to think that there is debris to remove, and it incites them 
to break into the concrete surrounding of the duct, 
the result being that the number of faults is greater 
than in the case of a cable laid direct. Item 4 mentions 
“less depreciation,” but I think that there is more 
depreciation in cables laid in ducts unless they are run 
at a lower current density. For example, there is 
trouble due to the lead cracking at the joints, and also 
trouble due to chemical action on account of water, it 
being almost impossible to exclude water from the ducts, 
and the chemical combinations that the water has 
gathered up in its progress through the ground to the 
ducts attack the lead sheaths. On page 340 the author 
refers t© the. life of cables. In Eradford we have un- 
♦ Pap^ by Mr, H. W. Taylor (see page 837). 


I armoured cables laid direct in the ground and covered 
with jute, well compounded, that are as good to-day 
as when they were laid 35 years ago, and we never have 
any trouble with them. In fact I should say that they 
are better than new cables—^the present-day cables— 
made for the same pressure. On page 344 the author 
refers to the necessity, or advisability, of making a 
three-core cable dead when connecting up services, but 
I think that this is quite unnecessary. I have never 
had a cable made dead for this purpose, and I have 
had thousands of services made on multicore live cables. 
An exception is the case of a cable the insulation of which 
has greatly deteriorated, due to tlie cable carr 3 dng a 
heavy fault current, which results in the insulation 
crumbling away whenever the lead sheathing is taken 
off. Even in that case services are often made on that 
particular cable, although I will admit that rather 
extraordinary precautions have to be taken for tlie 
safety of the man and of the supply. The -autlior 
seems to be a great advocate of single-core cables. I 
quite adnodt that they possess many advantages. In 
fact I have on many occasions advocated their use, 
but there is nothing better than multicore cables, from 
the point of view of economics, space occupied, and design 
of good systems. I agree that, for feeders of 1 sq. in, 
and over, single-core cables should be used. On page 
344 also the author refers to fuse boxes and the fact, 
or the possibility, that they reduce the reliability of 
the S 3 ^tem. Fuse boxes may do so, but fuse pillars 
certainly do not. They greatly restrict the risk of 
breakdown, and I should always advise that as many 
as can be afforded should be used. 

Mr. R. Wi Grubb : I am in favour of the use of three 
single-core cables instead of a three-core cable. Our 
system consists of practically all single cables for dis¬ 
tribution, and they are found especially useful in locating 
faults. It is possible to put in a four-way distribution 
box without making the distributors dead, whereas with 
a three-core cable the risk is too great. Although the 
cost of three joint boxes instead of one for a three-core 
service, and the greater cost of two single cables over a 
two-core cable increases the cost, yet one has a greater 
feeling of security and ease of mind, and further it is 
safer to open out a tee joint box on a live single cable 
than on a live three-core cable. At the same time three 
joint boxes necessitate opening out more ground, which 
is a disadvantage in a congested pavement. We invari¬ 
ably find gas and water mains and services in our way 
in the pavement, and only large gas and water mains 
are laid in the roadway. At the moment, while laying 
cables, we are doing the gas department a great service 
by finding service pipes that fall to pieces when the 
ground is removed. The author mentions fuses in 
feeder pillars. We have found that copper wire fuses 
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have a tendency to waste away, and although, they are 
put in of a sufficient size to carry a large overload they 
need frequent examination. I am not in favour of 
concrete being laid on the top of the ducts, and we 
have had several cases of other departments driving 
wedges through concrete, making holes in ducts, and 
in some cases piercing the cable. Some time ago a 
dead earth came on the positive side of our system, as 
shown by the earth switch dropping and the indicator 
lamps burning brightly, but the central-zero ammeter 
showed no reading, and the resistance (automatically 
inserted when the earth switch drops) became heated, 
showing that current was passing. A d.c. ammeter was 
inserted in the circuit as a check, but registered nothing. 
An a.c. ammeter was substituted and was found to read 
the amount that usually flows through the resistance 
when an earth is on the system. The earth was traced 
to a certain feeder by making and breaking the earth 
switch, and certain suspected consumers were asked to 
switch off their motors temporarily. Eventually tlie 
earth went off when a certain motor was shut down, and 
the cause of the earth was traced to one of the windings 
on the armature rubbing against the pole-tips. 

Mr. W. W, Firth : The author advocates tliree single 
cables for feeders and three-core cables for distributors. 
Personally, from the point of yiew of current-carrying 
capacity, 1 think that the reverse is better, as generally 
one f^ipder is supplying several groups of distributors, 
any set of which may be overloaded and yet the feeder 
only lightly loaded. The number of faults on distribu¬ 
tors is much greater than on feeders, and these are more 
easily repaired with single-core cables, whilst, due to 
the fact that only one core is damaged by the fault, the 
number of consumers likely to be affected is reduced. 
I should like to know the author's reason for advocating 
(on page 347) three-core distributors where three-core 
feeders are used. Provided the whole of the cables are 
at least lead-covered, and thereby the whole system 
is bonded, I see no great advantage from tlie point of 
view of fault localization. If it comes within the scope 
of the paper, I should be glad to hear the author's 
experience in using the enclosed type as against the open 
type of fuse. 

’ Mr. W. H. N. James : It seems to me that the calcula¬ 
tions dealt with in the Appendix cannot be carried out 
with much accuracy because of the difficulty in obtain¬ 
ing the requisite data; in particular, it is extremely 
difficult to get adequate information, in regard to the 
load, the probable value of which it may be necessary 
to estimate for a time several years ahead. This being 
the case it occurs to me that possibly a certain amount of 
simplification might be made in Ihe formula which is 
reached towards the end of tlie Appendix without 
sacrificing accxuracy to any important extent. This view 
is strengthened by the fact that if the total annual 
cost incurred on account of the cable is plotted against 
tlie area of cross-section, the cur\"e is, as a rule, fiat 
near the most economical area of cross-section, since 
the increased fixed cost; resulting from the larger cross- 
section is largely balanced by the decreased running cost 
on account of the energy wasted. Now the formula 
given in ihe paper for the total annual charges includes 
three terms, those numbered (1) and (2) giving costs that 


increase proportionally with tlie resistance of the cable 
(i.e. they are inversely proportional to the area of 
cross-section of the cable) and it would seem that term 
(2), which represents the annual cost incurred on account 
of the extra plant needed to supply the energy waste 
in the cable, is not likely to be more than 6 per cent 
or, at the most, 10 per cent, of tlie first of the two terms 
under consideration, and would not involve great 
inaccuracy if neglected. Coming now to the last term 
dealing with the annual charge on account of the cost 
of the cable and laying, this afternoon I plotted list 
prices for a number of sizes of cable against the coixe- 
sponding area of cross-section and found that for low- 
and medium-pressure cables the resulting graph was a 
straight line passing very nearly tlnough the origin, 
showing the annual fixed cost, for sizes likely to be used, 
to be practically proportional to the area of cross-section. 
Further, it would seem tliat the cost of laying would 
increase very slowly with the area of cross-section, tlius^ 
giving a very flat curve which would have little influence 
on the most economical area of cross-section. These 
points being accepted, the formula given by the author 
can be simplified into one of the type 

X. 

Total annual cost = -f YA 

where A is tlie area of cross-section of the cable and 
X and Y are omnibus constants compounded of the 
constants mentioned in the paper and can readily be 
evaluated. Differentiating this expression with respect 
to area and equating the result to zero, the condition for 
the most economical area of cross-section is found to be 
A — ^/{X/Y) and it appears that this will give all the 
accuracy needed. ‘ 

Capt. J. E. Fletcher {communicated ): The economic 
value of. any system is in a large measure determined by 
the flexibility of that S 3 ^tem, and it is therefore essential, 
where large capital costs for cabling are involved in 
places where the electric loads are likely to migrate, 
that v^ careful and intelligent studies be made " on 
the spot" with a view to determining the likely growth 
of development during a period of years. Inquiries of 
land agents, surveyors, municipal engineers and the like 
frequently enable information to be obtained as to the 
opening up of new districts, factories, etc., wliich all 
goes towards settling the problems of what size of cable 
should be provided at present and/or in a definite number 
of years. When all the possible information has been 
obtained the question of costs of provision can be intelli¬ 
gently studied and the most economical cable provided. 
In all such studies, however, a margin should be allowed 
for unforeseen development. In the case of feeder 
cables to the so-called nodal ** points there seems 
—^without much examination—^little doubt that the 
system adopted should be as flexible as possible for the 
following reasons ; {a) That it is not economical to lay 
down cables much in excess of a 10-ycar requirement; 
{b) that it is desirable to build up a system gradually 
and so extend the capital charges over a number of 
years; (c) that the various improvements in the manu¬ 
facture of cables from time to time may be made use of ; 
and (d) that it is a costly matter to open out in situ 
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pavings. A duct system, then, appears to be the solution 
and the only question arising is how many ways should 
be provided at the outset. To solve this question, as I 
said before, is to make a comprehensive survey of the 
entire area to be served and compute in quinquennial 
periods the probable customers and their estimated 
consumption. The same remarks apply equally to the 
distributor cables. Greater flexibility and greater immu¬ 
nity from serious troubles go hand in hand with a larger 
number of cables which are the outcome of a system 
gradually built up. I agree with the author that three 
single-core cables should be used mainly from the point 
of view of reducing to a minimum the number of faults 
and consequently the inconvenience to the consumer 
(a most vital point). The current-carr^nng capacity of 
the individual cables as shown in Table 1 is less in a 
duct than when laid direct in the ground. It is assumed 
that the figures are based on “ dry'' ducts, but in 
practice it is found that it is almost impossible to 
maintain a dry duct system; if there is water in the 
vicinity of the track, it seems to find its way into the 
system. The ideal system is to lay the ducts in such a 
way that, if any water does get in, it drains into the 
surface boxes or manholes. Tliis, however, is seldom 
possible in large towns and in many cases the ducts 
have necessarily to be laid in a concave fashion. 
The result is that, should water get in, it remains unless 
it escapes by way of the joints. I do not think that 
much trouble from freezing may be feared in this country, 
as the frost does not penetrate so far into the earth. 
Avoidance of concave and convex layings in any one 
section of ductwork is necessary, as should a second cable 
be required in the same duct there is little chance of get¬ 
ting it in. The value of the spare duct space is therefore 
lost. To overcome the difficulty an inspection chamber 
or a split coupling should be provided at the junction 
between the concave and the convex turning. Ducts 
laid with a cover of 2 ft. with the present-day roadway 
construction should be immune from danger of crushing 
without the use of concrete. When drawing lead- 
covered cables into conduits, a good plan is to co'^er them 
slightly with petroleum jelly; this not only affords a 
protection against electrotysis but serves as a lubricant. 
At this point ,I should add that it is sound engineering 
practice to bond all lead cable sheaths together and 
earth them at frequent points. The author says that in 
the case of cables laid direct in the ground : “ A fact 
that becomes quickly apparent is the ease with which 
such work can be carried out.*' I should like to add a 
word of warning here. Although it may be easy to 
bury the cable it is just as important that every care 
should be taken to safeguard other undertakers' property 
by giving a proper and safe clearance as it is to safe¬ 
guard ^e cable itself. With regard to Tables 3 and 4, 
and with special reference to the figures iiuoted’ in 
connection with the conduit system; I do not think that 
figures are properly proportioned, Table 3 actually 
includes what may be termed " sp^e plant," inasmuch 
as the figures cover the cost of providing spare capacity 
for a future cable, and Table 4 takes the credit of this. 
Converseay we might provide spare cable in the case of 
Cables l^id solid in bitiinien or direct in the earth in the 


first place. In conclusion the author advocates the 
use of ducts for feeder cables and also earthenware 
conduits for service cables in order, • amongst other 
reasons, to reduce the costs of repairing faults. It is 
therefore not at all clear why he does not advocate the 
use of similar plant for distributor cables, assuming 
that all in situ pavings in these days may be regarded 
as expensive to reinstate. 

Mr. H. W. Taylor {in reply ): Few points have 
been raised in this discussion which have not been dealt 
with in my reply to previous disctfssions at other Centres. 

The instance which Mr. Giliin gives of the life of an 
unarmoured lead-covered, served and compounded 
cable laid direct in the ground is very interesting and 
I think that more use could be made of this type of 
cable in many instances, with a considerable reduction 
in the cost of extensions. 

I am pleased that Mr. Grubb has also experienced the 
feeling of increased security which one obtains with a 
single-core system. Opinion seems to differ as to the 
advisability of covering conduits with concrete. I have 
personally experienced more cases of damage to cables 
in conduits so protected than in those unprotected. 

The chief advantage of the single-core lead-covered 
system is that when an earth fault occurs the supply 
can. usually be maintained owing to the trouble being 
confined to one cable. This advantage is to a large 
extent nullified by the introduction of multicore ^cables 
in any part of the network, as faults on this type 
of cable are rarely confined to one core. It is for 
this reason that I consider the single-core distributor 
cannot show sufficient advantages over the three- 
core to warrant its higher cost, if multicore cables 
.are used for feeders. Replying to Mr. Firth's other 
question, in my experience I have found the open-t 3 rpe 
strip fuse to be preferable for continuous loads higher 
than 160 ampere.s. 

The formula given by Mr. James will in many cases 
give sufficiently accurate results. As I stated in the 
paper, practical considerations generally prevent a hard- 
and-fast application of any such formula. In dealing 
with any specific case, when the only variable quantities 
are r and the formula which I give then assumes 
the simplified form: Total annual cost = K^r + 
where and axe constants made up of the other 
constants mentioned. 

I would point out to Mr. Fletcher that the costs 
shown in Table 3 for the conduit system include only 
the cost of the conduits necessary, for the feeder con¬ 
cerned and do not include spare ducts. Table 4 shows 
the cost, exclusive of cable, of replacing the cable with 
one of larger size. Where circumstances warrant, it is 
often advisable to lay additional «ducts,. but this of 
course should not be included in the cost of the original 
cable. I only advocate the use of. conduits for a service 
over that part of its route in which it would be expensive 
to repair a fault in a cable laid direct or solidi such as 
in crossing amain road or under a terrazzo floor in a 
consumer's premises, etc. The number, of times that 
conduits used for distributors would have to be broken 
in order to make service connections would greatly 
limit their usefulness. : = 
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THE SIXTEENTH KELVIN LECTURE. 

ELECTRIC FORCES AND QUANTA. 

By J. H. Jeans, M.A., D.Sc., LL.D., Sec. R.S. 

(Lecture delivered before The Institution, 5th February, 1925.) 


It is just about twenty-five years since Lord Kelvin 
spoke of ** two clouds" obscuring " the beauty and 
clearness of the dynamical theory which asserts light 
and heat to be two modes of motion." The clouds 
which Lord Kelvin saw as clouds .no bigger then a 
man*s hand have grown until they have almost filled 
the, firmament; Httle can now be seen of the beauty 
and clearness of the d 3 mamical theory of which Lord 
Kelvin spoke. The old dynamical theory has given 
place to the new theories of rdativity and of quanta; 
what Lord Kelvin thought were transient clouds shortly 
to melt away have proved to be new theories in process 
of growth; the " beauty and dearness " he saw under 
these clouds was mostly a mirage. 

I have chosen as my title " Electric Forces and 
Quanta," the two halves of this title corresponding 
roughly to the two new theories, and I propose to 
try to sketch out the changes these theories have 
introduced into our conception of fundamental electrical 
processes. Let us consider electric forces first. Lord 
Kelvin, following Maxwell and Faxjaday, regarded an 
electric force as evidence of a stress in ibe ether. An 
ether can transmit two kinds of stress, one arising from 
a state of static strain and the other from a transfer of 
momentum; these were supposed to be electric and 
magnetic forces respectively. Or, to put the matter 
in another way, an ether can possess two kinds of 
energy, potential and kinetic; these were identified 
with electrostatic and electromagnetic energy respec¬ 
tively. This mechanism of stresses in the ether was 
devised in order to escape the necessity of action at 
a distance." The ether itself had no doubt originally 
been brought into existence for quite other reasons— 
to provide a nominative to the verb ''to undulate," 
according to the late Lord Salisbury—but these other 
reasons were no longer of much cogency. Light, 
whether an undulation of a medium or not, was ad¬ 
mittedly an ' electromagnetic phenomenon, and the 
electromagnetic theory of light had already made it 
clear that any mecha^m which could account satis¬ 
factorily for electric md magnetic forces could carry 
the. whole of the undulatory theory as well. It was 
because Maxwell and Faraday had disliked " action at 
a distance" i^t the ether continued in existence at 
the end of the nineteenth century: 

A Medium, or Action ^t a Distance. 

Nevertheless, the conception involved a difficulty 
which seems to have troubled the nineteenth century 
physicists not a little. The energy of the ether could 
repres^t. all kinds of electromagnetic energy, but 


could represent nothing else. * Gravitational energy, 
for example, could not be interpreted as ethereal energy, 
for the only two t 5 q>es of energy which the ether cbuld 
hold were already allotted to electric and magnetic 
energy respectively. It is true that att|^pts were 
made to interpret gravitation as normal waves of 
compression or as pulsations of very high frequency in 
the luminiferous ether, but such explanations never 
survived comparison with facts, and those who tried to 
explain gravitation had to fall back either on a new and 
entirely separate ether or else oh action at a distance. 

If action at a distance had to be called in to explain 
gravitation, it might just as wdl be allowed to explain 
electromagnetism as well; there seemed to be no logical 
resting-place between two ethers and none. But the 
need for multiple ethers simultaneously filling space 
aroused suspicions in those who were conv^sant with 
the history of science^ In an earlier century, according 
to Sir Joseph Larmor, " aethers were invented for the 
planets to swim in, to constitute electric atmospheres 
and magnetic effluvia, to convey sensations from one 
part of our bodies to another, and so on, till all space 
had been filled three or four times over with aethers. " 
It is only when we remember the extensive and mis¬ 
chievous influence on science which hypotheses about 
aethers used formerly to exercise, that we can appreciate 
the horror of aethers which sober-minded men had 
during the eighteenth century." 

In tyne it became clear that the only thoroughly 
satisfactory possibility was no ether at sdl. First the 
development of the theory of relativity gave its death¬ 
blow to the bid luminiferous ether of Lord Kelvin, 
Maxwell, and Faraday. The main result of this theory 
can be stated in the form that all the phenomena of 
Nature go on precisely as though there were no ether. 
This does not of course abolish tlie ether; it shows 
the conception of an ether to be superfluous and 
perhaps even a little bit ridiculous—for it is ridiculous 
to fill the whole of space with a medium and then agree 
that everything goes on j.ust as if the medium were 
not there—but it does not show if to be illogical. 

The Existence of an Ether. ^ 

To the question, " Dp^ abipther exist? " science 
still unable to ^ve a d^nite answer. The question, 
"'Does the eiiierSexist ? " if the ether is taken to,mean 
the luminiferous eth^r' of Maxwell and 'F^day, ought 
almost certainly, to be answered in the negative. 
Speaking lor a moment in the language of technical 
mathematics, the reason is that all tlie phenomena of 
Nature are invariant to the Lorentzian transformation 
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(the transformation to axes moving with a uniform 
\^ocity), whereas the physical properties allotted to 
the eth^ by Maxwell and Faraday are not invariant. 
Let E and H denote the electric and magnetic force at 
a point in the supposed ether, then — £P (the inte¬ 
grand m the ^tion integral) is invariant, so that all 
properties which follow from the principle of least 
action are independent of the motion of the observer. 
These are of course the d3mamical properties of the 
s^tem. But -f fl* is not invariant, so that the 
phenomena which follow from attributing energy to the 
ether at a rate (l/8w){Ba + fl2) per unit volume are 
not the same for a moving observer as for a stationarv 
one. •' 

Of the six components of s;tress attributed by 
Maxwell to the ether only three are invariant, so that 
electromagnetic phenomena, if explained in terms of 
ether stresses, call for stresses which are not the same 
for a moving observer as for one at rest, even though 
the observed phenomena are absolutely identical. For 
^ample, if magnetic forces are of ethereal origin, then 
^ moving observer must be of 
quite djflCTent nature and origin physically from those 
observed by an observer at rest. If the latter observer’s 
forces axe produced by Maxwell’s mechanism, the 
formas cannot be. To take the simplest example* 
an obs^a moving through a stationary electrostatic 
field will m actual fact observe, magnetic forces just 
as much as if the field moved past him, yet the ether 
at every point of his path possesses no kinetic energy 
and so, according to the MaxweU-Faraday conception, 
could show no magnetic forces. The old Maxwell- 
Far^ay ether had in some way to provide, a duphcate 
m^an^ for a single phenomenon, the magnetic force 
ammg from an electric charge—and similarly for most 
other phOTomena. No one has ever shown that it is 
capable of dbing this; but even if they had, the duplica- 
fron o^echani^ to produce a single phenomenon is 
SO contrary to the usual workings of Nature that there 
IS not much nsk in dismissing the old ether to the 
lumbeT’-room. » 

V® confident that if an ether exists, 

be Mme^g very different from the Alaxwell- 
®ther. It must probably be thought of as a 

subjective 

tt^toe MaxweU-Faraday ether. Each of us must 
^rxy his own ether about with him, extending through 
^ space and aU time, much as in a .showa of rJn 
^ observa carries his own rainbow about with him. 
meto®r su^ a structure, if it exists, ought to be called 
an ether, others must decide. 

We may r®m^k, in passing, that the conception of 
^ ® ^ appeal to the 

^'* r® engineextog, type of 

See mr leaders of ^tish 

physicists have asked for 
Nature to be reduced to a machind transmitting tensions 

SntiST' **^® '^?^® ™®tapbysical minds of the 
^n^OTt have usnaUy been content to accept action 
at a distance as an ultimate explanation of natural 

SbSto’w to regard such an explanation 

as m wery way as final and as satisfying as an 

explanation in terms of a medium. It wSmeSiS 


more than a coincidence that Newton, Kelvin, Clerk 
Maxwell and Faraday were all British, while Boscovitch, 
Einstein and Weyl are not. 

Four-Dimensional Geometry. 

The paper which practicaUy abolished the ether as 
a serious scientific hypothesis was published by Einstein 
m 1906. Ten years later he pubUshed a second paper 
which may be said to have shown us how to get on 
wthout either an ether or action at a distance. His 
first paper, as afterwards interpreted by Minkowski, had 
shown that all the phenomena of electromagnetism 
might be thought of as occurring in a continuum of four 
mmensions—three dimensions of space and one of 
toe-^« which it is impossible to separate the space from 
the time in any absolute manner. You may separate 
toem in one way, but you wiU find that I separate them 
d^erently, and in the end we shall both agree that no 
objective separation is possible. 

Einst^’s second paper showed that the phenomena 
of gravitation could be explained on the supposition 
that Ihe geometry of this four-dimenssional continunm 
was not of the ordinary Euclidean type. The coii- 



S 

Fro.' 1. 


tinuum supposed to be affected by kinks and twists 
in the neighbourhood of gravitating masses, and it was 
these, and not a “ gravitational force,” that threw a 
particle out of a straight course. It became just as 
inaccurate to say that the sun attracts the earth as to 
say that a bowl on an uneven bowling green is attracted 
01 repelled by the other bowls. In this curved space 
toe path of a particle is always a geodesic-^toe most 
direct distance between two points—^and this may 

have very different propefties from a Euclidean straight 
line, ® 

We must, of course, ranember that toe paths we are 
discussing are in a four-dimensional space—if we were 
speaking of ordinary paths in three-dimensional space, 
it would clearly be ridiculous to say that the curved 
orbit of a planet provided the most , direct path from 
perihelion to aphelion; it is’ only when we allow for the 
motion in tone as well as in space that the statement 
becomes reasonajjle. We can get' rid of most of the 
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motion in time by supposing our planet, or other body,, 
to move with enormously high velocity, and then the 
path described actually approximates to a straight line, 
which is now tlie most direct patli even in three- 
dimensional space. 

We can gain some conception of the main features 
of Einstein's geometry from the analogy of spherical 
geometry; the curved surface of our earth provides a 
fair two-dimensional analogy to Einstein's curved four- 
dimensional space. To one who thinks in terms of 
“ parallels " of latitude and longitude, or who studies 
geography on a Mercator chart, the most direct course 
on our earth's surface looks oddly curved : it is always 
a surprise to the unsophisticated traveller that the 
ship taking him from Soutliampton to New York (say 
from A to B in Fig. 1) turns a bit to the north on 
rounding the Lizard, while the great circle course on 
the ship's chart (A E C B in Fig. 1) looks very much 
as if the ship were describing an orbit about a centre 
of attraction in tlie middle of the Sahara. 

If Einstein was able to avoid the evils both of action 
at a. distance and of an ether in the gravitational 
problem, there would seem to be no reason why they 
should not be similarly ayoided in the electromagnetic 
problem which specially interests us to-night. Not 
only is tliere no reason why this should not be done; 
it actually has been done. In 1918 Weyl pointed out 
tlaat the geometry of Einstein was not the most general 
geometry which conformed to the relativity condition. 
Space could be distorted still fuiiher in ways un¬ 
imagined by Einstein, these further distortions of the 
four-dimensional space being specified by the six 
components of a vector. Now the significant thing is 
this. On calculating the relations which must hold 
between the six components of the vector in order that 
the relativity condition may be satisfied, Weyl finds 
equations which are precisely identical with the electro¬ 
magnetic equations of Maxwell, the six components in 
question now appearing as the three components of 
electric force and the three components of magnetic 
force. 

Weyl’s Electromagnetic Theory. 

It is not easy to explain in non-mathematical language 
what is the essential difference between Weyl's space 
and the old Euclidean space. We can best attempt 
i^ by treating Einstein's space as a half-way house. 
Returning for a moment to the two-dimensional analogy 
provided by the earth's curved surface, we know that 
the lengh of a degree of longitude decreases as we 
recede from the equator; the ship turns north on its 
voyage from the Lizard to New York in order to take 
advantage of the shorter degrees of longitude up north. 
The planet going .round the sun describes a curved 
path for a similar reason. According to Einstein's 
theory a measuring rod changes in length as it moves 
about in a gravitational field—a two-foot rule is no 
longer two feet in length if taken from the earth to the 
sun,; it is because of this that the wave-lengtli of the • 
light represented by a definite spectral line when enctitted 
at .the sun's surface is different from tliat of the same 
light emitted on earth. The length of,the rod depends 


only on its distance from the sun, being, in fact, pro¬ 
portional to 

where y is the gravitation constant, m the mass of the 
sun, c the velocity of light, and r the distance from the 
sun. But in Weyl's space the length of such a rod 
does not depend solely on its position: it depends also 
on the path by which this position has been attained. 
A rod of length I displaced parallel to itself through a 
distance da?, dy^ dz, dt in the four-dimensional continuum 
may be supposed to experience a change of length dl 
defined by 

dl = l{Fdx + Gdy -h Hdz - Wdt) 

where F, (?, H, Y are quantities which need not at 
present be specified. If the rod is taken a journey from 
P to Q its whole change of length will be given by 

7 rQ 

log J (Fdx + Gdy + Hdz - Wdt), 

In Einstein's geometry the integrand is necessarily 
a perfect differential, so that the value of Iqjlp depends 
only on the position of Q and P and not on the particular 
path selected from P to Q; the condition that this 
integrand shall be a perfect differential is expressed 


by the six equations 
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In Weyl's geometry, on the other hand, the integrand 
Fdx + Gdy -f Hdz — is not a perfect differential, 
so that the quantities on the left-hand of the equations 
just written down do not vanish; they have values 
a, 6, c, X, Y, Z different from zero, so that 
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These are precisely Maxwell's electromagnetic equa* 
tions, F, G, H being the components of the magnetic 
vector potential, and 'F the electrostatic potential. 
Turning back, we see that F, G, H and are deter¬ 
mined at any point by the rate at which a measuring 
rod of unit length changes its length as it passes through 
that point. • . ^ 

When Einstein explained gravitation • in terms of 
curvatures and special metric properties of space, the 
equations of his theory were found to be different from 
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those of the.old Newtonian theory. It was accordingly 
possible to make an observational test between the two 
theories, and this decided immediately and condnsively 
in favour of the theory of Einstein. There is no hope of 
establishing the truth of WeyFs theory in a ftimilar way, 
for, as we have just seen, the equations to which it 
leads are precisely identical with the already universally 
accepted equations of Maxwell* Weyl's theory raTi 
only be judged by its inherent plausibility or the 
reverse. 

Judged by this standard, ever^dhing seems to be in 
its favour. The luminiferous ether failed partly because 
it left no room for gravitation, partly because its 
mechanism had to be supposed to be too elaborate for 
the facts to be explained. The hypothesis of an ether 
led us to anticipate a whole series of different phenomena 
corresponding to different velocities through the ether, 
so that when these were not forthcoming, its advocates 
W'ere ^mpeUed to elaborate a complicated theory by 
which all the forces* of Nature were in collusion to make 
these different occurrences appear the same to us. 
The Einstein-Weyl geometrical theory escapes both 
these reproaches. Both gravitation and electro¬ 
magnetism fit perfectly naturally into their places. 
These two s 3 rstems of forces correspond exactly and 
completely to 1310 ways in which a four-dimensional 
geometty can differ from the simple geometry of 
Euclid, The observed forces of gravitation and 
electromagnetism correspond exactly to the most 
general forces which are possible, if " force is inter¬ 
preted simply a^ an illusion arising from a crumpling 
up of space. Consequently the observed phenomena 
of Nature are precisely those which ought to be observed 
—not one is missing and neither is there room for a 
single one more. There is now no collusion among the 
forces of Nature to conceal a whole series of unobserved 
phenomena; indeed, there could be no concealment 
because there is nothing to conceal. By its simplicity, 
its completeness, and its perfect agreement with the 
observed phenomena of Nature, the theory seems likely 
to take its place as our final interpretatiorf of the 
forces''of Nature. 

We now see that the universe of Euclid, in which 
p^allel lines never meet and in which two sides of a 
Wangle axe always greater than the third, was a simpH- 
fied ideal universe. In the same way the universe of 
Anstotle and Plato, in which space and time are 
permanently distinct and essentially different in their 
natures, wa^ a simplified ideal universe. Both universes 
were too simple to fit the facts; remove the unwar- 
r^ted simplMcations and we are left with a universe 
the geomeWcal properties of which axe expressed by 
^ Einstein's gravitational equations (to 
which ‘Nev^ton's inverse square law gives a good 
approximation) and Maxwell's electrodynamical equa¬ 
tions. Thus geometry, clewed of ull unjustifiable 
assumptions, transforms itself into mechanics, both 
gravitational and electrod 3 mamical, A being who 
was bom without any one of his five senses, but with 
^hmited geometrical reasoning powers, could deduce 
the g^eral nature of the actual world without any 
^erience of reality: he would anticipate that land¬ 
slides, earthquakes, thunderstorms, and aurorae would 


occur; but he would know nothing about forces," 
and would regard these phenomena merely as geo¬ 
metrical necessities. 

Atomicity. 

Although generalized geometry can predict and 
explain all the systems of forces of the universe it has 
its limitations; there are features of the actual universe 
before which it stands powerless. Nothing in geometry 
can explain the essential differences between positive 
and negative electricity, or the atomicity of electric 
charges, so* that the whole inner structure of matter, 
including the whole of chemistry, would be outside the 
scope of the intuitions of our supposed geometer. 

Electric charges are a consequence of, or at least are 
associated with, a curving or crumpling of space, but so 
far as pure geometry goes there is no restriction on 
the extent of this crumpling, so that our geometer, 
reasoning from geometry alone, might expect to find 
charges of all possible amounts, whereas in actual fact 
• electric charges occur only in multiples of a definite 
unit, the charge of an electron. It is clear, then, that 
there is something more than geometry underlying 
the phenomena of Nature; the whole phenomenal 
universe may be geometry with restrictions if we like, 
but not merely the geometry which is obtained by 
generalizing the geometry of Euclid until we can 
generalize no further. Space can be crumpjed up 
qualitatively in all the ways known to geometry but 
not quantitatively; the uniformity of electronic charge 
must in some way represent an absolute restriction on 
the measure of the crumpling. 

Each particle of matter—each electron, let us say— 
occupies one point of space at any one instant of time, 
and the succession of these points will form a Hne in the 
four-dimensional space-time continuum—^the " world- 
line " of the ^ectron. In the neighbourhood of 
world-line there is a deformation of the continuum due 
to the existence of the electron. 

The near approach of two electrons or of any two 
charged particles is represented by a near approach 
of their world-lines in the four-dimensional continuum. 
Each world-line is surrounded by its associated defor¬ 
mation, and in regions in which the world-lines are 
near to one another the adjacent regions of the con¬ 
tinuum will be doubly deformed. 

A priori there are two possibilities open. The first 
is that the two deformations are merely additive, just 
as, when two ships approach, each making its ovm wash 
(or deformation of the surface of the sea), the height of 
wash at any point is the sum of the heights of the washes 
made by the two ships independently. The second 
possibility is that, as there have been found to be 
restrictions on the amount of deformation associated 
with the two separate world-lines, there may be a 
further restriction on the deformation arising from 
their combination. 

In actual fact the former alternative appears to 
prevail when one or both, of the charged particles are 
" free " electrons, but the latter ^temative when they 
are " bound " together; that is, when they are per¬ 
manently describing orbits about one another. It is 
these latter restrictions that have given rise to the 


JEANS: THE SIXTEENTH KELVIN LECTURE. 


487 


theory of quanta. Just as the restrictions associated 
with single world-lines give rise to an atomic constant e, 
the charge on an electron, so the restrictions associated 
with pairs of world-lines give rise to a second'atomic 
constant. This is generally taken to be h, Planck's 
constant, but in many respects it is more appropriate 
to regard the product Ac as the second constant, where 
0 is the velocity of light. It is significant that Ac is 
of the same physical dimensions as and so may be 
regarded as being the same thing as e® except for a 
numerical. .multiplier. Thus while the restrictions 
connected with one world-line introduce e, those 
connected with two world-lines, depending only on e®, 
introduce no essentially new constant, whence it may 
reasonably be suspected that the two sets of restrictions 
axe merely different aspects of one and the same set. 
It looks as though the atomicity of the quantum theory 
is only another aspect of the atomicity of electric 
charges. 

Quantum-Restiuctions. 

We can perhaps best visualize the inner nature of 
the quantum-restrictions by going back to the analogy 
of the two ships making a combined wash which is in 
some way restricted to being of a certain height. We 
have supposed each wash individually to be restricted; 
if the velocity of the ships is fixed, this requires that 
each jjhip shall be of a definite size (corresponding to 
each electron having a definite charge). How can we 
now put a further restriction on the total wash of the 
two ships at points where their washes overlap ? Only, 
I think, by keeping the ships at a specified distance 
apart. At any rate this is the way in which the quantum- 
restrictions work. The normal hydrogen atom consists 
of a negative electron describing a circular orbit about 
a positively charged nucleus; the quantum-restrictions 
compel this orbit to keep an unvarjdng radius of 
0*63 .x 10~® cm. When the atom is in an abnormal 
state, as, for example, when excited in a vacuum tube, 
the orbit, if circular, may have radii equal to 4, 9, 16, 
26 , . . times the radius of the normal atom. Elliptic 
orbits also are possible, but only of quite definitely 
restricted major and minor axes. In actual fact the 
semi-major axis must be equal to one of the radii 
permissible for a. circular, orbit, while the ratio of the 
two axes must be one of a range of commensurable 
ratios. The orbits which are possible for the electron 
of the hydrogen atom are shown in Fig. 2. If it were 
not for the quantum-restrictions, it would be impossible 
to exhibit these orbits in a diagram at all; orbits of 
every radius and of every eccentricity would be possible, 
just as they are for a planet or comet describing an orbit 
about the sun. 

it will be understood that I have not approached the 
quantum theory by the road of its historical develop¬ 
ment. Planck originally discovered the existence of 
the quantum-constant A from a study of black-body 
radiation. The famous theorem of equipartition of 
energy showed that if tiie classical laws of d 3 matnics 
were of universal validity, the whole energy of the 
material univeise would at once degrade itself into 
radiant energy of infinitesimal wave-length. Planck 
i^owed tiiat this conclusion could be^ avoided by sup¬ 


posing that the energy of radiating mechanisms changed 
only by complete quanta, the change of energy 
— W’l being connected with the frequency v of the 
radiator by the relation 

TFg — 

He further showed that this supposition led to a law 
of spectral distribution of black-body radiation, the 
now famous Planck's law, which was found to agree 
excellently with the observed distribution. In this way 
the quantum theory came into being at the very 
beginning of the quarter-century we have under review. 

Some years elapsed before Einstein showed that 
the same constant was of fundamental importance 
in the photo-electric effect, and it then began to be 
suspected that it might conceivably be fundamental to 
the whole of physics. But it was not until 1913 that 
Bohr published the epoch-making paper which first 
suggested, and at the same time finally established, that 
this constant held the clue to the structure of the 
atom and determined the scale on which the universe 



'is built. To-night I have disregarded historical de¬ 
velopment altogether, and have tried to approach 
the theory in the simplest manner; I am trjdng to 
make it look natural. There can be no reasonable 
doubt that the quantum theory is essentially true 
and so would appear perfectly natural to us if we 
could approach it with entirely fresh minds not already 
obsessed by erroneous ideas. But with our minds 
such as they are, the quantum theory as frequently 
presented does, it must be admitted, raise recollections 
of plausible conjuring performances. If I were to 
state the argument by which Planck first arrived at 
the existence of the quantum, the inclination might 
well be to dismiss it as mere mathematical sleight- 
of-hand. I agree it is still a bit surprising that the 
rabbit came out of the hat, but I have tried to show 
at least that there was so, much room in the hat that 
almost anything might have emerged. 

According to the Maxwellian electrod 3 mamics an 
electron describing an orbit of any kind must necessarily 
radiate energy. We can calculate the rate at which 
energy ought to be radiated by the electron in the 
normal hydrogen atom ; it is 0*46 erg a second. The 
resulting loss of energy would be compensated by a 
decrease in the radius of the orbit; we find Ifiiat the 
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rate of this decrease would be about H2 cm a second, 
so that the atom ought to disappear altogether within 
a small fraction of a millionth of a second. Thus it 
is the quantum-restrictions which give a permanent 
existence to matter. 

In conformity with the quantum-restrictions, tlie 
electron in the hydrogen atom describes an orbit of 
unvarying radius and so of constant energy. Maxwell*s 
equations, as we have seen, would demand that radia¬ 
tion should be emitted and that the energy of the orbit 
should decrease accordingly. Here, then, we have a 
case where the requirements of Maxwell’s theory and 
those of the quantum theory are in irreconcilable 
conflict. It is tile quantum theory which carries the 
day. Somewhere before we reach the most minute of 
all structures Maxwell’s theory fails and the quantum 
theory takes its place. For large-scale phenomena the 
two theories coincide—a thunderstorm is the same 
tiling for Maxwell’s theory as for the quantum theory, 
just as it was the same thing for the old one-fluid ” 
theory as for the modem electron theory—atomicity is 
of no consequence when the number of atoms involved 
approximates to infinity. 

In terms of space curvatures we may say that 
Maxwell’s theory is represented by a continuous 
curvature or crumpling such as might be applied to a 
rubber membrane, while possibly the quantum theory 
may be represented by a so-to-speak ’’ jerky ” deforma¬ 
tion which is the best that can be done with a scaly 
surface such as a crocodile skin. If we wish to cover 
the earth’s surface with a membrane, it makes little 
difference, from the point of view of closeness of fit, 
whe^er we select rubber membrane or crocodile skin, 
but it makes all the difference if we are manufacturing 
a pair of gloves. The quantum theory represents, 
perhaps, a quality of space, or rather of the four¬ 
dimensional continuum, which is somehow analogous 
to scaliness in a skin. 

As fhe normal hydrogen atom is already in its con¬ 
figuration of minimum energy it can emit no radiation. 
But under electric bombardment or in the presence of 
intense radiation the electron may move to other 
orbits of energy higher than the minimum. Even now 
there can be no gradual change of energy, but there can 
be spasmodic jumps from one orbit to another orbit 
of lower energy* According to Bohr’s theory of 
atomic mechanism, tlie energy lost to the orbit at each 
end of ^ese jmnps is emitted in the form of mono¬ 
chromatic radiation. A jump from energy TVo to 
en^gy results in tire emission of radiation of 
uniform frequency v where : 


so that if the jump is from an orbit of radius r. to one 
of radius rg. 



and the wave-length of the radiation is given by 

H = i i 

Now if a is the radius of the normal hydrogen atom, 
the possible values for and are 1 ^, 2 ^, 32 , 42 * 

times a, so that our formula becomes 

2Ka _ 1 1 

In actual fact a formula of this type, in whicli and 
^2 given all possible integral values, is found to 
give witli the utmost exactness the wave-lengths of 
the light emitted in the complicated spectrum of the 
hydrogen atom. On putting ng 2 we obtain the 
Balmer series of lines, of which the principal lines 
Ha, Hfi, Hy . . . form the most conspicuous feature in 
the ordinary hydrogen spectrum. The lines obtained 
by putting = 1, 3, 4, 6 .,. are mostly in the infra-red 
or the ultra-violet. Many of these have been observed, and 
there is no reason to doubt that the remainder are there, 
although at present beyond the range of observation. 

So far we have considered only tlie circular crbits; 
there must, of course, be other spectral lines arising out 
of the possibility of the electron describing elliptic 
orbits. Exact analysis shows, however, that these 
latter lines coincide almost exactly with those already 
discussed. They would coincide perfectly if it were 
not that the mass of a moving electron depends on the 
velocity of its motion. As a consequence of this 
dependence of mass on velocity, the two sets of lines 
do not exactly coincide. Each line of the simple 
series previously discussed is replaced by a “fine- 
structure”—a bunch of lines quite distinct in fact, 
although so close together as to look like a single line 
in all save the most powerful spectroscopes. Somm^eld 
has worked out the structure to be expected theoreti¬ 
cally for these bundles of lines and obtains a most 
gratif^g agreement with observation. This and other 
experimental tests give the most convincing proof of the 
accuracy of Bohr’s theories of atomic mechanism. 

We can gain a knowledge of the arrangements of the 
electron orbits in even the most complicated atoms by 
using the equation 

W 2 - Wj = hv 


TFa - Fj « hu 


h being the absolute constant of Nature already referred 
to. If A is the wave-length of the radiation, A = ch 
so that * ’ 




he 


We have already seen that he is equal to where K 
IS a nmnerical constant. The energy in an orbit of 
radius r (or, if elliptical, of semi-major axis r) is ie^/r. 


wnicn appears to be of universal validity, jine ire- 
quencies v of radiation can be measured, so that the 
energy-levels F^, Fg . . . of the various possible 
orbits can be calculated. The method has been applied 
not only to discovering the arrangements of electrons in 
the atom, but also to discovering the energy-levels of 
the protons in the nucleus. At present the hydrogen 
atom and the positively-charged helium atom are 
the only structures which are completely understood, 
but there can be little doubt that in time the method 
will unravel for us the secrets of even the most compli¬ 
cated of atomic gnd molecular structures. 
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Already Bohr has constructed a table, of which the 
first part is shown in Table 1, in which he attempts to 


Table 1. 

Electron Orbits. 

li 2i 2s 3i 3s 3a 


/ 1 

H 

1 





1 2 

He 

2 





r ® 

Li 

2 

1 




J 4 

Be 

2 

2 




1 ® 

B 

2 

2 

(1) 



lio 

Ne 

2 

4 

4 




Ka 

2 

4 

4 

1 


1 12 

Mg 

2 

4 

4 

2 


1 

A1 

2 

4 

4 

2 

1 

I 18 

A 

2 

4 

4 

4 

4 

assign the 

different 

electrons 

in the 

atoms to the 


various orbits permitted to them by the quantum 
theory. The numbers in the top line specify the orbits 
in terms of their principal and subsidiary quantum 
numbers. The numbers below are the numbers of 
electrons which follow one another round in these 
different orbits. It will be noticed that in the simpler 
elements there are ^lever more than four electrons in 
the same orbit, although in the heavier elements six 
and afterwards eight electrons may inhabit the same 
orbit. ^ The table is largely conjectural, but recent 
spectroscopic research has gone far towards establishing 
its essential accuracy. When we remember that it is 
less than twelve years since Bohr first suggested that the 
quantum theory might provide the clue to the structure 
of matter, we must agree that the progress of the theory 
in these years has been remarkable. 

The Nature of Radiation. 

The quantum theory has been less successful in 
discovering the nature of radiation, although even here 
it has been beyond comparison more successful than 
any previous theory. To illustrate the difficulties of 
the problem, let ^s consider one single phenomenon— 
the X-ray photo-electric effect. A thin stream of 
electrons each moving with the same high velocity is 
allowed to impinge on a material target, and X-rays 
are emitted which carry off the energy destroyed by tlie 
collision. These X-rays pass through a gas, and it is 
found that as soon as the process starts, atoms are 
ionized and shoot off electrons with a velocity equal to 
that of the original stream of electrons. Even if the 
density of X-radiation is so slight that, according to the 
old view of radiation, an atom would take years to 
absorb the energy necessary for ionization, nevertheless 
ionization is found to begin at once, energy being 
absorbed which is not only sufficient for mere ioniza¬ 
tion, but also suffices in addition to endow the ejected 
electron with high velocity. 

Such a phenomenon is of course totally inexplicable 
in terms of the luminiferous ether, or even in terms of 
Maxwell's equations. The quantum theory gives only 
a partial explanation. Since the frequency v of the 
X-rays does not change with their passage through 
space, the equation W 2 — = hv shows that the 

change of energy at the one end of the chain must be 
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equal to that at the other. Thus as much energy is 
necessarily yielded up to one electron as is destroyed 
in another, but this does not touch the problem of the 
mechanism by which this energy is transferred. 

Einstein at one time suggested that radiant energy 
was hurled through space tied up in indivisible packets 
like bullets from a rifle, .but it has proved quite impos¬ 
sible to reconcile this suggestion with the optical 
phenomena of interference. A more recent h 3 q)othesis, 
also due to Einstein, calls for a revision of our concep¬ 
tion of the action of an electric field on an electron. 

According to the usual electrical theory an electric 
force X acting on an electron of charge e and mass m 
for a time t produces a change of velocity equal to 
Xet]m. According to Einstein's recent theory of 
radiation, this is only true if X arises from a steady 
field or from a field which changes infinitely slowly. 
A force X which results from the incidence of radiation 
will in general produce no change of velocity at all in 
an electron. Indeed a bound electron is compelled to 
describe a fixed orbit with a prescribed velocity which 
cannot ch^ge, while a quite simple argument shows 
that it would be contrary, to the fundamental equation 
of the quantum theory for a free electron to have its 
velocity changed by radiation. Einstein, following 
Bohr, supposes that under certain conditions a bound 
electron can have its velocity changed by a definite 
amount Q. This amount is not equal to Xetfm, but is 
determined by the position and motion of the electron 
in the atom to which it belongs ; Q must be such as to 
move the electron into a new orbit which is also one 
of the permitted few. The chance of such a jump of 
velocity occurring is supposed to be 

(Xe</w) . 

Q 

This conception immediately explains the otherwise 
incomprehensible photo-electric effect as well as other- 
puzzles in the behaviour of radiation. The difference 
between a strong and a weak electric field acting on an 
electron is no longer that the strong field produces a 
big change of velocity and the weak field a small one; 
it is that the strong field has a big chance of producing 
a change, and the weak field only a small chance of 
producing, the same change. When radiation acts on 
a body containing a great number of. electrons the 
final result is the same on the new theory as on the old. 
But there is a difference of method which is similar to 
the difference in propulsion between a motor-car and 
a steam engine; on the new theory the charged body is 
propelled by a succession of little kicks, whereas on the 
old theory it was propelled by a steady pressure. 

I have tried to sketch, in the short time at my dis¬ 
posal, the outlines of the changes which the past 
quarter-century has introduced into our conception of 
the nature of electric forces and of the electromagnetic 
field. You will agree with me that there have been 
giants at work in the field of pure electrical theory. 
Vi^en the history of present-day science comes to be 
finally written, the quarter-century we have just lived 
through will, so far as we ca,n now judge, stand out as 
the period in which man first began to understgtnd the 
true nature of electricity. 
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The Animal Dinner of "ttie Institution was held on 
Tlmrsday, 12th February, 1926, at the Hotel Cedi, 
when the President, Mr. W. B. Woodhouse, presided 
over a gathering numbering 622 persons. 

Among those present were: The Rt. Hon. Sir A, 
Steel-Maitland, Bart., M.P. {Minister of Labour), Lt.- 
Col. the Rt. Hon. Wilfrid Ashley, M.P. {Minister of 
Transport), The Rt. Hon. the Viscount Falmouth 
{Member of Council), The Rt. Hon. Sir Henry Norman, 
Bart., P.C., The Hon. Sir Charles A. Parsons, K.C.B., 

F. R.S. {Hon. Member and Faraday Medallist, I.E.E.; 
President, Institute of Physics), The Rt. Hon. Sir J. Cook, 

G. C.M.G. {High Commissioner for the Commonwealth 
of Australia), The Hon. Sir T. Mackenzie, G.C.M.G., 
M.L.C. {New Zealand), The Hon. Sir T. A. Coghlan, 
K.C.M.G., I.S.O. {Agent-General for New South Wales), 
SirM. Sheldon, K.B.E. {New South Wales), The Hon. 

H. P. Colebatch, C.M.G. {Agent-General for Western 
Australia), The Hon. J. Huxham {Agent-General for 
Queensland), Sir Sydney C2iapman, K.C.B., C.B.E. {Per^ 
manent Secretary, Board of Trade), Sir Frank Heath, 
IC.C.B. {Secretary, Department of Scientific and. Industrial 
Research), Sir James Devonshire, K.B.E. {Vice-President), 
Sir Joseph E. Petavel, KB.E., D.Sc., F.R.S. {Director, 
National Physical Laboratory), Sir Charles Bright, 
F.R.S.E., Sir Tom Callender, Sir Arthur Duixant, C.B.E., 
^V.O. {H.M. Office of Works), Sir Henry Mance, C.I.E. 
{Past Presideni), Sir William Noble, Sir John Snell 
{Past President, IF.E:; Chairman, Electricity Com¬ 
mission), Rear-Admiral C. T. M. Fuller, C.B., C.M.G., 
D.S.O. (TAtVd Sea Lord and Controller of the Admiralty) 
Colonel G. H. Addison, C.M.G., D.S.O., R.E., Mr. T. H. u! 
^dridge {Chairman, China Centre), Mr. P. F. AUan 
{Hon. Secretary, North-Eastern Centre), Mr. 11. B. 
Atkin^n {Past President, I.EJB .; Chairman,'' British 
Eleancal and Allied Industries Research Association), 
^JOT ^ L. Barclay, C.B.E. {Chairman of Council, 
iojiAw Chamber of Commerce), Mr. J. W. Beauchamp 
{Member of Council), Mr. H. Booth, O.B.E. {Electricity 
Commissioner), ysx. J. R. Brooke, C.B. {Permanent 
^creta^. Mtmstry of Transport), Mr. A. Carpmael, 

B. A., Mr. R. A. Chattock {Member of Council), Mr. F. W. 
towtOT {Membw of Council), Colonel R, E. Crompton, 

C. B. {Past President and Hon. Member), Mr. J. Dalton 

Company), m. R. A. Dalzell, C.B., 
of Telegraphs and Telephones, GF.O.), 
W. R Davies, C.B. {PnnMpal Assistant Secretary, 
Technical Branch, Board of Education). Mr. J. Duncan- 
ughes (M^er of House of Representatives, South 

D^W^w w^’ {Member of Council), 

nt Lt.-Col. K. Edgcumbe {Member 

of Council, Dr. S. Z. de Ferranti {Past President cmd 
Parody Medallist), Mr. F. Gill {Past President), Monsieur 
J. Grc^ehu (Pasf President, SocidU Franfaise des 

for France), 

A.,F. Harmer {Member of Council), Mr. H. H. 
•ttamson iChairman, Mersey and North WtOes {Liver¬ 


pool) Centre), Mr. H. Hastings {Local Hon. Secretary for 
Spain), Mr. W. C. Henderson, K.C., D.Sc., Mr. J. S. 
Highheld {Past President), Mr. "W. E. High5eld {Member 
of Council), Mr. H. Hooper {Hon. Secretary, South 
Midland Centre) ^ Mr. G. W. Humplire 3 rs, C.B.E. (Chief 
Engineer, London County Council), Dr. H. H. Jeficott 
{Secretary, Institution of Civil Engineers), Mr. T. B. 
Johnson {Chairman, North Midland Centre), Mr. W. E 
Tyldesley Jones. K.C.. Mr. G. A. Juhlin {Past Chairmm, 
North-Western Centre), Mr. J. E. Kingsbury, Mr. W. W. 
Lackie, C.B.E. (Electricity Commissioner), Mr. W. 
Lawson {Chairman, South Midland Centre), Mr. S. r! 
Lowcock {Chairman, Association of Consulting Engirmrs), 
Mr. W. McCldland, C.B., O.B.E., Captain L. McNamee. 
U.S.N. {Naval Attachd, United States Embassy), Mr. 
Stanley Machin, J.P. {President, Association of British 
Chambers of Commerce), Brig.-Gen. H. O. C.B., 

C.M.G., D.S.O., Mr. S. W. Melsom {Member of Council), 
Mr. H. M. Morgans, B.Sc. {President, Institution of 
Mining and MeMlurgy), Brig.-General M. Mowat, C.B.E. 
{Secretary, Institution of Mechanical Engineers), Mr. W. 
Nairn {Chairman, Western Centre), Mr. W. H. l>forton 
{President, Incorporated Law Society), Mr. A. Page 
{Vice-President, I.E,E,; Electricity Commissioner), Mr. 
F. Palmer, C.I.E. {Past President, Institution of Civil 
Engineers), Mr. C. C. Paterson. O.B.E., Mr. L. St. L. 
Pendred {Member of Council, InsHtiUion of Mechanical 
Engineers), Col. T. F.Purves, O.B.E. {Member of Council, 

I.E.E.; Engineer-in-Chief, G.P.O.), Mr. P. J. Pybus, 
C.B.E., Mr. W. R. Rawlings {Member of Council), 
Dr. Alexander RusseU, M.A., LL.D., F.R.S. {Past 
Prendml), Mr. E. H. Shaughnessy, O.B.E. {Merrb^ of 
I Council), Mr. Roger T. Smith {Past President), Mr. C. P. 
Sparks, C.B.E. {Past President), Colonel H. C. Sparks, 
^ M.C., Mr. A. A. Campbell Swinton, 

F.R.S. {Vice-Presidenl), Mr. W. C. P. Tapper {President, 
Incorporated Municipal Electrical Association), Captain 
T. Toyoda, D.S.O., I.J.N., Mr. P. D. Tuckett {Hon. 
Treasurer), Mr. O. C. Waygood {Hon. Secretary, 
Mersey and North Wales {Liverpool) Centre), Mr. W. J. U. 
Woolcock {President, Society of Chemical Industry), 
and Mr. P. F. Rowdl {Secretary). 

After the Xx)yal Toasts had been duly honoured, the 
President read the following messages from other 
Societies:— 

From the SocidtS Franfaise des Electriciens .•_ 

“ Heartily congratulate Ihe Institution of KleHnVgi 
Engineers on tiie magnificent example of development 
and fruitful activity which it gives to all sister societies. 
The French Society looks forward with pleasure to the 
opportunity for dose collaboration which will be pro¬ 
dded by the conference on High Tension Lines to be 
held in Paris next June/' 

From ihs Associazione Elettrotechnica Italiana 
^ WMe thanking you and the Council for the. kind 
mvitation to the Annual Dinner of your great Institution, 
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I much regret my unavoidable absence. At the same 
time I take the opportunity of presenting my deepest 
respects to you and of expressing to the Institution the 
deepest gratitude of the Italian Electrotechnical Associa¬ 
tion for the kindness shown to us in London last July. 
Giuseppe Sartori, President/' 

The Rt. Hon. Sir Arthur Steel-Maitland, Bart,, 
M.P. (Minister of Labour), in proposing the toast of 
The Institution of Electrical Engineers," said: " I 
am deeply sensible of the honour of being asked to 
propose tMs toast. From one point of view it is quite 
superfluous to propose the Institution's health, because 
the vitality of the Institution is amply shown by the 
figures of its membership. There is, however, a greater 
significance in its growth than is indicated merely by 
its numerical well-being. It is my business—and not 
always a pleasant one—^to look over the state of industry 
and employment throughout the country, and I find 
that unemployment in the electrical industry is much less 
than one-half of what it is in the insured trades of the 
country as a whole. I should be far from saying that 
this means that it is all plain sailing in the industry. 
If there is a margin of profit in the business it is very 
often not a great one, and I know that sometimes it 
does not exist at all. All . the same, I do see in the 
electrical industry the expansion of exports—^not rapid, 
but, still, steady—and the industry at home growing in 
volume though I am bound to say that I wish we could 
supply all the home requirements without assistance 
from abroad. Therefore, I always think that although 
the fortunes of other engineering trades are alternating, 
the electrical industry has got a quite direct current 
towards success, and truly the importance of such an 
expansion goes beyond the Institution and beyond the 
industry itself. It is over a century since this country 
knew an 3 d:hing like the depression in trade from which 
we have suffered here during the last four years. After 
the Napoleonic wars there was something aldn to it, 
but only then; and in that day the cure came tlirough 
the general manufacturing expansion that took place 
over the country as a whole. To-day there is no such 
possibility of great general expansion, but the electrical 
is the one industry in which there is a great and immediate 
and quite inevitable growth, and to my mind it is to 
the expansion in electricity, both in itself and in the 
facilities which it can provide to other industries in 
town and country, that we have got to look for 
the large improvement which we hope will talce place 
in the existing conditions in England and Scotland 
to-day* In the electrical industry it always seems to 
me that, while it is true of all other industries that 
technical skill and organizing capacity are needed, 
there is a special need in electricity as in chemistry to 
use every means available for keeping up with and, if 
possible, getting in front of the other great competing 
countries. When I was in charge of the Department of 
Overseas Trade it alwa 3 rs seemed to me that neither 
America nor Germany took any account of the electrical 
industry of our country when they set to work to divide 
up the world's markets. Broadly speaking, that was 
the case before the war, but during the war, and since, 
there has been a development here in the electrical 
world that has made other great countries take account 


of us as one of themselves before they proceed to divide 
up the trade of the world. It is, however, absolutely 
vital to us to keep abreast of them in technical sldll and 
organization, and in an open-minded view of the whole 
situation, so that the development of electricity may 
work out to the benefit of the country as a whole. If 
these vital considerations are to be fulfilled they have 
got to be fulfilled by the Institution of Electrical 
Engineers. It is for that reason that, spealdng as a 
business man to men of business and of science, I venture 
to wish in absolute sincerity all prosperity to the 
Institution and I am proud to propose its health this 
evening." 

The President, in responding, said : " I must thank 
the proposer of the toast for the good wishes which he 
has expressed in regard to the Institution. The Institu¬ 
tion is indeed growing rapidly, and, its growth fe, I 
think, an indication of the growing importance of 
electrical engineering in civilization to-day. We axe 
living in a period of the most extraordinary scientific 
activity, when not merely are many of the fundamental 
theories of physics being upset and replaced by new 
ones, but almost it seems that every worker in the field 
of science is bound to discover some new result which 
can be applied at once by the engineers, and in prac¬ 
tically all such applications electricity takes a part. 
That is not to be wondered at, I suppose, if one accepts 
the modem theory that electricity is more fundamental 
matter. It must, however, make electrical 
engineers think not only of the immediate future, but 
of the enormous possibilities of development which are 
taking place and the enormous changes in scientific 
applications which must ultimately be brought about. 
The period in some respects reminds one of the latter 
part of the eighteenth century when the steam engine 
was being created and when every day the application 
of this new power led to some new discovery and some 
new development. In making that comparison I do 
not think that the position of the electrical engineer 
to-day can be more aptly described than in the remark 
that Matthew Bolton made to Boswell some 160 years 
ago when Boswell visited his works at Soho, two miles 
from Birmingham: ' I s^l here. Sir, what all the world 
desires to have—^P ower.' I think that is the keynote 
of the electrical engineer's work to-day. 

" Tbe transmission of messages by electrical means 
has brought about a closer association of mankind of 
the utmost value. It is only a very short time since one 
of our Past Presidents, Mir. F. GUI, told us of his dream 
of international telephony. That dream to-day seems 
as if it is going to be realized, and the work of electrical 
engineers in all civilized countries will by that means 
have a tremendous effect on their development. Broad¬ 
casting has become world-wide. We hear of telephone 
messages being received in the most distant parts of the 
earth, and the future possibility of vocal communication 
with our kinsmen in all the Dominions of the Empire 
is a consideration that one must welcome; communica¬ 
tion between the far-off Dominions and this country 
by •mAariR of direct speech will be a change from our 
present method of communication which must bring 
about the closer and closer association of the English- 
speaking races. 
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"In the field of manufacture electrical engineers, 
in a time of national trade depression, have, relatively 
speaking, been prosperous. No doubt our manufac¬ 
turers have to complain of high taxation. No doubt 
they have to complain also of the diminished power of 
foreign countries to purchase our products. But, as 
Sir Arthur Steel-Maitland has pointed out, we have a 
great deal for which to be thankful, as compared with 
the general engineering trade. Whatever deficiency 
there may be in our export trade, I think it will be 
agreed that it is not due to any deficiency of ability or 
energy on the part of the electrical manufacturers of 
this country. The wonderful exhibition of British 
engineering at Wembley last summer was a demonstra¬ 
tion to the world that we have in no way lost our ability 
to produce the finest machinery in the world; and I 
have no doubt that the efiect of that Exhibition will 
be far-reaching and will, in course of time, as other 
countries acquire the means of purchasing, have its 
effect on our export trade. As to the home market 
for our manufactures, perhaps the electricity supply 
industry is the best index of what that market is and 
may be, and I think one may safely say that the prospect 
there is rosy. The public supply of electricity is a 
very great power for increasing the comfort of the people, 
for improving health, and for the reduction of arduous 
labour—all of which must have an effect not only on 
the prosperity of the country, but on the happiness of 
the people. The use of electricity in the home is 
developing so rapidly that it seems to me that in a very 
few years the tasks of domestic labour will be reduced 
out of aU knowledge, so much so. that one may perhaps 
look forward to the day when a candidate for Parliament 
iwed only say that he is an electrical engineer to receive 
the soM support of the women voters I The electricity 
supply mdustry, al^ough in the past it has suffered 
very^ much from legislation, is now booming, and it will 
wntmue to do so, I think, if it is given a fair field, 
ihere is a considerable amount of public misunder- 
stat^g as to the progress that has been made in 
electricity supply in this country both during ami sinro 
the war. In fact, only to-day I saw a statement in a 
new^per that the average price of electricity in this 
country was 6d. a unit. It is hardly necessary to 


mention that that is erroneous. The average price at 
which the power companies in this country have been 
selling electricity is less than Id. per unit, whilst the 
big municipalities, despite the larger proportion of 
lighting with which they have to deal, have sold current 
at an average price not much higher than that of the 
power companies. It only needs a continuation of the 
present development and demand for electricity to 
ensure that in a few years even these prices will be 
substantially reduced. To attain this the industry 
needs freedom from disturbance, or at least, if any 
change is proposed, an assurance that the views of the 
industry will be taken before any final plans are made. 
I think I can say on behalf of the members that the 
Institution will be only too glad to give its assistance 
in any matter of that land. Whatever difference of 
opinion there may be as to electrical legislation, 1 think 
there is no doubt that we are all of one opinion as to 
the able way in which the laws governing electricity 
supply have been administered, and I should like to 
take this opportunity of expressing the widespread 
regret at the fortlicoming retirement of one of the 
Electricity Coriimissioners, Mr. Harry Booth. Finally, 
as to the Institution, I think that the position of the 
electric^ engineer to-day, and the position of the 
I Institution also, are due very largely to that happy 
spirit of co-operation, that willingness to exchange 
information and tliat ability to work together for the 
good of science and industry which all engineers 
seem to possess. I believe that the Institution will 
continue to work for the development of science, for 
reseaxch, for invention, and for knowledge, not only in 
me interests of the profession of electrical engineers, 
but in the interests of our country and of the great 
Empire of which it is a part."' 

Sir Ji^SneU p^t President, I.E.E., and Chairman, 
ElTCtnc^ Commission) tlien proposed the toast of 
Our Guests," to which Lt.-Col. the Rt. Hon. 

S?"?* r‘ of Transport), and 

pie Rt. Hon. Sir Joseph Cook, G.C.M.G. (High 
Comnmsioner for the Commonwealth of Australia), 
responded. 

ti'ti subsequently held in tlie Victoria 

Hall of the hotel. 
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THE OPTIMUM DAMPING IN THE AUDITIVE RECEPTION OF 
WIRELESS TELEGRAPH SIGNALS. 

By L. B. Turner, MA,, Member, and F. P. Best, M.Sc., Student. 

(Paper received Zrd October, 1924, and read before the Wireless Section 4:th February, 1926.) 


Summary. 

This paper is an account of an experimental investigation 
of the extent to which it is advantageous to reduce the 
damping in a receiver for telegraphic signals from modem 
continuous-wave stations, when the usual rectifier and 
telephone are used as indicator. It was found possible to 
produce, hold stable, and measure decrements below those 
giving optimum reception. Numerous determinations of 
optimum damping were made, the observed signals coming 
from six commercial transmitting stations of wave-lengths 
ranging from about 4 000 to 23 000 m. The several obser¬ 
vations on any one station show remarkable accord amongst 
themselves, and tlie measured optimum damping" exponents 
for all stations and wave-lengths are found to lie within a 
narrow range. The significances of speed of signalling in 
relay and in auditive reception are contrasted. 


Table of Contents. 

Section (1). Introduction. 

Section (2). Experimental method. 

Section (3), Results obtained. 

Section (4). Discussion of results. 

Appendix 1. Derivation of formula used. 

Appendix 2. Correction for distuned amplifier circuit. 

Appendix 3. Electrical dimensions of circuits used. 

(1) Introduction. 

It was pointed out in a recent paper * by one of the 
present authors that in the modern wireless technique 
it is feasible to employ receiving circuits in which the 
damping is reduced, by triode retroaction, further than 
it is advantageous to go. As the decrement of the 
receiving circuit is reduced, its response to a sustained 
tuned incoming signal is augmented, but therewith the 
inertia effects, which are responsible for tlie transient 
epochs following the starting and stopping of the in¬ 
coming signal, become more and more pronounced. 
Sensibly square-topped ” signal E.M.F.’s impressed 
on the receiver by the sending station produce in 
the receiver saw-tooth'' current curves, resembling the 

arrival curves " of a submarine telegraph cable, the 
shape of the curves being determined by the product 
nhT, where n is the frequency of the signal E.M.F., 
8 is the decrement of the receiving circuit, and T is 
the duration of the signal element (the morse dot). In 
the paper referred to, arrival curves were calculated 
for various values of nST, with the specific object of 
estimating theoretically how small nST can advan¬ 
tageously be made when a relay is used to record the 

♦ L. B. Turner : “ The Relations between Dampuig and Speed in Wire¬ 
less Reception,*' Journal 1924. vol. 62, p. 102. 


signals. A limiting value of nST in the neighbourhood 
of 2 is there suggested; this would make nS = 200 for 
a speed of 126 words per minute (w.p.m.), and nS — 40 
for 25 w.p.m. 

It might at first be thought that the results of this 
theoretical examination of relay reception could be 
applied to the ordinary auditive reception by rectifier 
and telephone, and that accordingly nS = 40 would be 
about the most propitious value of the damping index 
in such a receiver, since aural speeds are around 25 w.p.m. 
Any experimental test of such an hypothesis would of 
course be very valuable. But in truth the question is 
complicated by psychological considerations; and 
experience seems to indicate that the ear, when reading 
weak morse signals, is unable to tolerate too gradual a 
rise and fall of sound at the beginning and end of the 
morse dot or dash, however much protracted may be 
the sensibly uniform sound intervening. Expressed 
otherwise, the ear, unlike a relay, seems to demand 
adequate definition of the beginning and end of a mark, 
however low the rate of signalling. Consequently, 
although the operator of a suitable receiver may have 
complete control of the damping (and can indeed cause 
it to pass through zero, so that his receiving circuits 
generate oscillations), there must be some most pro¬ 
pitious setting. This setting is probably more or less 
independent of the speed of signalling, provided the 
latter is low. He is able to reach it by trial, his ear 
being^tlie guide; but what the damping of the receiver 
may then be appears to have been hitherto merely 
conjectural. We know of no data, before the present 
experiments, for making the definite calculation in any 
particular case, or even for framing a rough theoretical 
estimate. 

The experimental investigation * described here had 
for its aina the determination of optimum receiver 
dampings for continuous-wave morse signals under 
practical working conditions. The signals observed 
were the ordinary signals issuing from various inter¬ 
continental stations at work on wave-lengths between 
4 360 and 23 460 m; the receiver, with independent 
heterodyne, contained an oscillatory circuit of very low 
damping, the tuning and damping being under perfect 
control; and the adjustments were effected under 
guidance of the ear of the observer to make the resulting 
signals most easily legible when they were so reduced 
as to be only very faintly audible in the telephones. 
The decrement of the circuit thus adjusted is termed 
the optimum decrement for that incoming signal, and 

* The work was carried out in the wireless laboratory of the Engineering 
Laboratory, Cambridge University, with the permission of Proft C. E. Inglis 
during 1922-28. 
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was thereupon measured. The chief experimental 
difficulty to be met was to ensure that the decrement 
during the measuring operations remained at the value 
given to it during the adjusting (receiving) operation; 
for the low decrements involved—down to 0 - 002 — 
could be obtained only by resort to triode retroaction, 
and the value of negative resistance introduced by 
retroaction is of course subj ect to alteration with altera¬ 
tions of oscillation amplitude occurring in the process 
of measurement. 

Our ignorance of the actual values of such receiver 
decrements seemed so profound that if results could 
only have been obtained subject to wide errors—say 
between twice and one-half the true value—^the work 
would have been regarded as fruitful*; and since the 
adjustment depended upon a .psychological judgment 
of the optimum, it was expected that some such diver¬ 
gences would have been recorded, at least as between 
two observers, even if not so markedly with a single 
observer. Experience has shown, however, that the 
concordance between several independent adjustments 


The anode circuit of triode 4 contains the retroaction 
coil L 3 very loosely coupled to serving to reduce 
the decrement of the circuit to any desired value ; 
also the telephone T for observing the signals when 
adjusting the retroaction. These circuits were arrived 
at aftOT much preliminary work, and a brief explanation 
of their features is given. 

The introduction of the amplifier triode 3 permits a 
very loose coupling between coils and L 3 , so that 
wide mechanical movement of L 3 with respect to L. 
is required for small variations of retroaction, and the 
decrement of the circuit is controlled with great 
precision. 

In order to avoid all question of alteration of damping 
under the action of the signal itself, it is essential that 
the amplitude of signal used in adjusting for the optimum 
decrement should be extremely small. Further, the 
additional deflection of M.V. produced by tlie incoming 
signal must be negligible in comparison with tlie de¬ 
flection already produced by the heterodyne alone, 
since otherwise the kick of the instrument would prevent 



and measurements on the same station is very^much 
better than had been anticipated, the optimum degree 
of " ringing of the signals as adjusted by two ob¬ 
servers, or by one observer on different days, showing 
decrements of remarkable uniformity,* 

(2) Experimental Method. 

The circuits adopted are shown in skeleton in Fig. 1 . 
The low-decrement circuit under test is C^L^. It forms 
part of the anode circuit of triode 2 , and is excited by 
the signal applied to the grid of triode 2 from an 
aperiodic aerial circuit via an aperiodic amplifier 
triode 1 . A powerful local heterodyne oscillator is very 
loosely coupled to by L^. This oscillator serves as 
heterodyne when adjusting the receiver for the signals 
and as the exciting circuit when the decrement of the 
recover is subsequently measured. The amplitude of 
oscmation in is observed by a MouUin voltmeter 
M.V.t placed across the anode circuit f of an amplifier 
triode 3, which also excites the amplifier-rectifier 4. 

to Xil”* 

' t See Jou^ 1923, voL 61, p. 296. 


M a^urate reading. On this account, and in order 
that the coupling between Lj and L, should be very 

sm^. an unusually powerful heterodyne oscillator was 
used. 

The use of the heterodyne oscillator itself, with no 
displacement of the coupling cofl L*, for the subsequent 
measurement of the decrement is regarded as an im¬ 
portant feature. With the very low decrements in- 
volyed, a separate oscillatar for measuring the decrement 
could hardly be introduced without endangering the 
constancy of the decrement. 

It had seemed likely that, for reception of the 
American stations, it would be necessary to use an 
^plifier triode 1 between the aerial and the low- 
decrement circuit CjLj. This amplifia: was later found 
to be unnecessary, but was retained as being quite 
innocuous.* 

To avoid grid current damping in triode 3 , which if 
prraent would necessarily vary with oscillation ampli¬ 
tude, a high anode potential was used, with considerable 
negative bias on the grid. The value of grid potential 

raed was s^e 90 ft. high at one end.. UsuaUy only a varv smftii 
of th« avaitoM. PJ3. was tapped off ftom 'the S SSt^t^. 
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in each of the triodes 1, 2 and 3 was capable of separate 
adjustment, and before any measurements were made 
the grid potential was adjusted so that the triode was 
operating at about the middle of the nearly straight 
portion of its characteristic. Alterations of triode 
parameters consequent on minute unavoidable changes 
of amplitude while setting the receiver and measuring 
the decrement were thereby reduced to a minimum. 

After the receiver has been adjusted, the decrement 
must be measured without making any change liable 
to alter that decrement. Consequently the amplitude 
in CjLj must not be appreciably altered, a proviso 
which rules out the usual methods of determining the 
decrement of a circuit by observing change of amplitude 
therein consequent on a known alteration of its resistance 
or reactance (distuning). Further, even though L 3 and 
L 4 are but very lightly coupled to L^, no movement 
of those cods should be ma.de. These conditions led 
to the following rather elaborate ritual—viz. opera¬ 
tions (a), (&), (c) and [d) described below—which was 
practised at each observation. 

Operation (a). Setting the receiver. —^Tune to the 

signal, and tune the heterodyne to give a high-pitched 
note therewith. Increase the retroactive coupling L 1 L 3 , 
so strengthening the signal and increasing the sharpness 
of tuning of ; and maintain the weakness of signal 
by lowering the tapping point on the aerial potentio- 
meto. Adjust coupling L 1 L 4 and (if necessary) the 
heterodyne current in L^, so that M.V. reads a value 
E between 1 and 2 volts.* Proceed with these adjust¬ 
ments and readjustments, taking special care to leave 
exactly tuned to the signa. 1 , until the retroaction 
is judged to be that enabling limitingly weak signals 
to be most easily read. There is then a certain amount 
of “ringing'' (merging of marks and spaces), any 
increase of which would more than offset the accom¬ 
panying gain of strength. The damping of. 
is now of the “ optimum" value; we have still to 
measure it. 

Measuring the decrement. —^The method is to impress 
in Cj^Li two E.M.F.'s of slightly different frequencies 
and suitably different amplitudes such that the current 
amplitude in C^Li remains at precisely the value given 
by operation (a). These E.M.F.'s are impressed from 
the heterod 3 me oscillator itself, without change of 
coupling The strength of each of these E.M.F.'s 

is measured by the corresponding current in coil L^, 
flnH the frequency by the capacity K. of the oscillatory 
circuit of the .heterodyne, t 
Operation ( 6 ).—^Tune heterodyne exactly to 
reducing its current to so as to maintain M.V. 
reading at the former value E. 

Operation (c).—Increase the heterodyne current from 
to J^, retuning the heterodyne (if necessary) exactly 
to the capacity being then (say) The reading 
of M.V. is now somewhat greater than E, and is of no 
significance for the decrement determination. 

* Such a value is convenient for reading on M.V., and vastiy exceeds the 
signal E.M,F. applied to the grid of 4, while giving a response in T varying 
sensitively with the signal E.M.F., so enabling Citi to be tuned precisely by 
ear. With the low dampings employed, exact tuning of CjJLi is of course vital 
to the success of the measurements. , _ _ 

+ The osdllatory circuit of the heterodyne osdllator was provided with 
condensers permitting accurate measurement of minute changes of capacity, 
and with vacuo-thermo-junction in series with L 4 for measuring /«. 

% It was distuned by (say) 500-1000 periods per second in (a}< 


Operation (d ).—^Distune the heterodyne from capacity 
Kq to and (one above, the other below, 
causing the voltmeter reading to fall back in each case 
to E. Let h be the amount of distuning, where 

If is the only oscillatory circuit in the receiver, 
it is easily seen * that its decrement [during operations 
(a), (&) and (d), but not ((?)] is given by the formula 

^_ itIcIEq 

^ ^ - 1 ] 

It has already been stated, however, that the im¬ 
pedance in the anode circuit of triode 3 was not in 
fact a pure resistance but was a rejector circuit like 
C^L^, although much more highly damped. This 
seriously complicates the analysis, f since the amplifica¬ 
tion in triode 3 is a step between circuit and M.V., 
and also (which is more important) between and 
the retroaction E.M,F. impressed therein from L 3 , 
After operation (a) this impressed E.M.F. is a maximum 
and sensibly in phase with the oscillatory current in 
CjLi; and after the distuning it is necessarily to some 
extent reduced in magnitude and changed in phase. 
To establish the validity of the above formula for 8 , 
it is therefore necessary to show that the magnitude 
of that component of the retroaction E.M.F. which is 
in phase with the current is altered to a negligible 
extent by the change of heterodyne frequency as between 
operation (a) and operations (&), (c) and (^. That such 
is the case in these experiments is shown in Appendix 2. 

(3) Results Obtained. 

Complete particulars of the dimensions of the circuits 
employed are given in Appendix 3. The resistances 
there shown are those of the oscillatory circuit measured 
at the relevant wave-length. 

One typical series of observations—^those on Mai ion— 
is given completely in Table 2; and the values of 
Sj and'^nSj^ for ev^y observation made on all stations 
are collected in Table 3. 

(4) Discussion op Results.. 

A very satisfactory feature of the results given in 
Table 3 is the close uniformity of the several observa¬ 
tions on each station. It had been expected that far 
wider divergences would have been found, as the setting 
of the circuit [operation (a) in Section 2] was necessarily 
a matter of personal judgment. The precautions 
particularly desirable in such cases, to eliminate all 
influence on the observer of prejudice and expectation, 
were taken; not only were all adjustments upset 
between one observation and the next, but heterodyne 
currents of very unequal values were employed in the 
several observations on one station. 

It could not be observed that the optimum damping 
was affected by the pitch of the heterodyne note, 

t after the observations had beetf made, that for tho sake 

of simplicity of theoretical analysis it might have been wis^ to put up with 
various experimental inconveni^ces involved in making this ImMdanw sub¬ 
stantially a pure resistance, or in retuning it between operations {a) and (4), 
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Table 2. 

Typical Series of Observations, 


Station, Marion. Wave-length. 11 600 m. 


Date 

E 




k 

Sc 

6 

3 Aug., 1923.. 

volts 

2-16 

mA 

170 

mA 

4-1 

mA 

10*3 

38 

HfiF 

12 800 

0-0041 

4 Ang. 

2-16 

170 

7-6 

24-0 

48 

12 800 

0-0039 

6 Aug. 

1-30 

380 

4-0 

16-0 

71 

12 800 

0-0046 

7 Aug. 

1-80 

380 

3-66 

13-9 

63 

12 800 

0-0040 


Table 3. 


Collected Observations (Jan. 1923-Aug. 1923). 


Station 

Type ot oscillator 

Wave-length 

Date of observation 

s 

n6 




26 Jan. 

0-00220 

152 




28 Jan. 

0-00184 

127 

Ongar (Essex) 

Triode. 

4 360 m < 

7 May 

0-00188 

128 



17 May 

0-00237 

163 




18 May 

0-00210 

145 




^ (Mean) 

0-00207 

14^ 




' 26 May 

0-00314 

145 

Unknown .. 



28 May 

0-00315 

145 

Probably triode 

6 260 m 

10 July 

0-00318 

147 




11 July 

0-00292 

135 




(Mean) 

0-00310 

143 




3 Aug. 

0-0041 

107 

Marion (U.S.A.) 



4 Aug. 

0-0039 

102 

Alexanderson alternator 

11 600 m 

6 Aug. 

0-0046 

117 




7 Aug. 

0-0040 

106 




(Mean) 

0-0041 

108 




16 July 

0-0046 

100 

Carnarvon .. 

Alexanderson alternator* 

14 000 m 4 

16 July 

17 July 

0-0068 

1 0-0066 

124 

120 




18 July 

0-0061 

108 




(Mean) 

0-0062 

113 



- 

9 Aug. 

0-0063 

98 

Long Island (U.S.A.) 

Alexanderson alternator 

19 200 m } 

10 Aug. 

0-0066 

101 



11 Aug. 

0-0063 

98 




(Mean) 

0-0064 

99 




13 Aug. 

0-0084 

108 

Bordeaux .. 

Arc . 

23 460 m x 

14 Aug. 

0-0086 

109 



16 Aug. 

0-0084 

108 




(Mean) 

0-0084 

108 

• 

Total mean 

= 119 


• Infoimtton kindly supplied by Mx. R. N. Vyvjum, BSkineer-in-CSUef. Marcuni’s Wireless Telegraph Co. 
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provided that this was above about 600 periods per 
second. 

Although the stations observed cover frequencies 
extending from 69 x 10® to 13 X 10® periods per 
second, the values of the product are seen to lie within 
the narrow range of 143 to 99. The view (referred to 


APPENDIX 1. 

Derivation of Formula for Calculating the 
Decrement. 

Let the circuit CLR in Fig. 3 represent the actual 
circuit with its triode retroaction and connections 



Fig. 2.—^Letter ** C ** at 26 w.p.m. when nS = 100. 


in Section 1) that it is the shape of the rising and falling 
portions of the amplitude time curves which determines 
the optimum decrement, is thus strongly supported. 
What, on this view, the critical “ shaping " as demanded 
by the ear looks Hire to the eye is indicated in Fig, 2. 
Here the letter C '' as received is drawn for nS — 100, 
the curves of E.M.F. impressed from the transmitter 
being assumed sensibly square-topped in shape, and 
the speed of signalling being taken as 26 w.p.m. 

AU^the signals observed were of hand speed, and no 
attempts were made to measure any eHect of changes 
of speed. The speeds did, of course, vary considerably 
from time to time; and no indication tliat the value 
of the optimum decrement depended on the speed was 
noticed. The authors' opinion is that, however much 
the speed of sending might be reduced, the optimum 
damping for auditive reception would not fall much 
below the values found in these experiments. 

The optimum damping of the receiving circuit must, 
of course, depend on the sharpness of rise and fall at 
the sending antenna, the more the inertia there the 
less being the inertia tolerable in the receiver. It 
seems probable that the transmitter's share in the total 
inertia effects is small in comparison with that in a 
receiver m which nS = 100.* If it were not, the uni¬ 
formity of the observations on stations covering so 
wide a range of wave-lengths, and including arc, alter¬ 
nator and triode generators, would be very surprising. 
It does not seem possible to infer from the observations 
any distinctions between the qualities of signalling, 
from the standpoint of the inertia effects we are study¬ 
ing, with these three different types of generator. 

Summing up the positive results of the investigation, 
it may be concluded that the optimum damping for 
the auditive reception of signals from any modern con¬ 
tinuous-wave station is such as to make the n8 of the 
receiving circuit of the order of 120, which corresponds 
to S = 0-0012 at A = 3 000 m, and S == 0-008 at 
A 20 000 m; that such decrements are easily obtained 
by triode retroaction; and that with suitable care 
they may even be measured with considerable pre¬ 
cision. 

* The authors are not aware of any direct measurements of the rates of 
growth and decay of current in a sending aerial when the key is depressed and 
raised. 


as in Fig. 1.* There is impressed in L from the 
heterodyne coil :— 

In operation (6), an E.M.F. ocT^, of the resonance 
frequency p/{27r}, producing a current in CLR 
measured by the voltmeter reading M, 

In operation (c), a larger E.M.F. of sHghtly 
distuned frequency g/( 27 r), producing sensibly the 
same current in CLR (since the reading JS? is unchanged, 
and the frequency is almost unchanged). 



Now g2/p2 = ± k), and p^LO = 1 

. q^LO = KJ(K, ± 7c) 

= 1 T TclKc 


Hence 


y 2 ^2 

£b _£c_ 

JR2 R® + IqL - (l/gC)]® 


i.e. 




0 



i,e. 




gSC® 



jv _ ^_ nJclKe 

pL~ 

* Taking a simple circuit with a constant resistance B to represent the actual 
retroactive arrangement may cause some ^prehension; lor the drcuit is used 
with tuned and distuned impressed E.M.F.’s, and the “ negative resistance *' 
introduced by the retroaction depends to some extent upon the frequency. 
It can be shown .however, that in practical cases the effect of so am^dl a dis¬ 
tuning on the resistance of the equivalent simple circuit is quite negligible. 
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The utility of operation (c) lies in the fact that it 
gives the tuned value of the heterodyne after the 
latter has been modified (by increase of filament current 
or otherwise) so as to increase its current from to 
Such an alteration is apt to necessitate a small alteration 
of condenser value to hold the frequency constant, so 
that if the reading of K after operation (6) were taken 
in place of it would be slightly inaccurate. 


APPEISTDIX 2. 

Effect of Anode Circuit of Triode 3 being an 
Oscillatory Circuit instead of a Pure 
Resistance. 

The actual anode circuits of triodes 2 and 3, shown 
in skeleton in Fig. 1, were as shown in Fig. 4. We 
have to ascertain how the output anode voltage of 
triode 3 is affected, with a given input grid voltage Vg, 
by distuning the Vg frequency from the resonance 
value p/( 27 r) = to the slightly different 

value ql{27r). 

The impedance Z of the rejector circuit between 
anode and filament of triode 3 may be shown to be 
(dropping the suffixes 2) 





' lfa\- 

. L'L") 

+yi? 

•B+y 




At resonance the impedance is 


V L'L") 


® . R 

Near resonance, when ^ = p(i + x), where x « 1, 




where ds- 


— where A s y'[l + ( 477 V/S*)] 

a s arc tan i-nxld 

Calling p the anode-filainent slope resistance of the 
taode (about 30 000 ohms) and v the amplification 
factor, the performance of triode 3 is shown by the 
idealmed circuit diagram and vector diagram of E.M.F.’s 
in Fig. 6. The output voltage when tuned is OP, 
and when distuned is OQ. The distuning introduces 


negligible error in so far as OQ cos jS {i.e. the resolved 
component of the retroaction E.M.F., distuned) is sensibly 
equal to OP (i.e. the retroaction E.M.F., tuned). 



Fig. 4.—Anode circuits of triodes 2 and 3 in detail. 

Note, Mit are the mutual inductauces between the parts Lj, ijl and 
^2» ^2 whose whole inductances are Li, respectively. 

Now, since a and j 8 are small angles, 

B = a —2 — 

^0 + p 

{Zo + 

and (OQ cos | 8 )/OP -- ± _ 








The circuit dimensions, tabulated in Appendix 3, 
enable us to evaluate this expression, bearing in 
that the distuning fraction x is half the ratio hlK^ of 
Section 2 and Table 2. The largest values of JcjKo, 
and the consequently worst values (i.e, departing most 
from unity) of (OQ cos jgj/OP, in the observations on 
each of the several stations, are given in Table 4. 

p*-\ 0 —-5~S 

T13 ^ 




\ OP 1$ Zoi„ oa is Zxix 

PS IS pXo as is pix 
J OSlsv-f^ 

Fig. 6 .— ^Action of amplifier 3. 


In view of the closeness to unity of the last row of 
figures in Ta.ble 4, it is thought unnecessary to attempt to 
make allowance for the effect of distuning on the anode 
circuit of triode 3. 


Table 4. 


(Aj/E:,) X 10~8 
(OQ cos.]3)/OP 


Carnarvon 


Long Island 


Bordeaux 
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APPENDIX 3. 

Electrical Dimensions of Circuits (with Reference to Fig. 4). 


station 

Wave¬ 

length 

B 

B 

Ml 

Oi 


4 

4' 

Mz 

Cz 

i?2 


metres 



/xH 

fifiF 

^ ohms 

mH 

/xH 

/xH 


ohms 

Ongar 

4 360 

790 


310 

1660 

23-6 

740 

1 880 

320 

1630 

23-0 

Unknown 

6 600 

1 360 

BE 

400 

3 200 

12*6 

1360 

1 100 

410 

3 360 

12-4 

Marion 

11 600 

4 560 


3 660 

1800 

67-6 

0 

22 300 

0 

1630 

100 

Carnarvon 

14 000 

4 550 


3 660 

2 860 

61-0 

0 

22 300 

0 

2 600 

69-0 

Long Island 

19 200 

4 660 


3 650 

6 100 

28-0 

0 

22 300 

0 

4 760 

44*6 

Bordeaux 

23 460 

4 650 


3 660 


24-6 

0 

22 300 

0 

6 960 

37*6 


Ongar and unknown station;—= 3 460, Xg == 3 260, = 260, = 150 pM. 

Other stations :—= 20 500, = 22 300, jLg = 3 040, — 150 ytXl, 

The triodes were of the well-known " R'' pattern. Common filament and anode batteries were used, the 
latter being of 120 volts. 


Discussion before the Wireless Section, 4 February, 1926. 


Prof. E. W. Marchant: As the autliors point out, 
the determination of the most suitable wave-shape for 
a dot would appear to depend on psychological efiects, 
and I should like to ask whether the observers who deter¬ 
mined what they considered to be the best damping of 
the system (which, of course, determines the shape of 
the dot) were of approximately the same age ; sharpness 
of hearing varies considerably as between old and young 
people, and there may also be differences due to the 
kind, of telephone used. Why is it that a high anode 
potential is best in order to reduce the damping of the 
grid circuit ? I take it that the real test for damping 
is low energy absorption. The slope of the character¬ 
istic curve is appreciably the same for most anode 
voltages and, therefore, one would not anticipate that 
there would be very much difference in the variation 
in grid current that would be taken by a valve with 
different anode potentials. The method of measuring 
the decrement by altering the tuning of the receiving 
circuit is, of course, the one that is usually adopted. 
The method described in the paper of altering the 
frequency of the current in the heterodyne circuit and* 
adjusting the strength of the heterodyne current is 
one that should be particularly useful for measuring 
decrements in circuits, where it is desirable that no 
tuning adjustments should be made. The comparison 
between the results depends on tlie shape of the received 
signal current and that, as the authors point out, must** 
depend on the shape of the dot emitted from the trans¬ 
mitting station. Other things being equal, a square 
wave at the transmitting end gives a closer approxima¬ 
tion to a square wave in the receiving circuit. I do not 
think that the authors have obtained as much from 
their results as they might have done. For the three 
Alexanderson alternator stations the value of nd works 
out at about 107. For the arc station, which has a very 
much longer wave-length, very nearly the same value 
of nd is obtained. It would appear, therefore, that 
the squareness of the transmitting signal for these two 


types of station would be about the same. The two 
triode transmitting stations have a very much shorter 
wave-length, but very closely corresponding results 
(142 and 143) are obtained for nd, and it seems possible 
that the difference between the results for the alternator 
and arc stations and those for the triode stations may 
be due to differences in the squareness of the dot sent 
from the transmitting station. 

Captain N. Lea : It would, I think, be of interest if 
the results set forth in the paper were translated into 
terms involving decrement at musical frequency. The 
tests were apparently carried out under conditions 
where static interference was practically negligible— 
that is to say, readability ** was a function of signal 
strength and " ringing only, and not of ** noise level 
—and thus there should be no fallacy in appl 3 dng the 
alternative interpretation of results. If, however, a 
musical decrement term is used instead of a radio¬ 
frequency decrement term,. the former would almost 
certainly appear in the expression for ** readability.** 
I do not know whether the authors made any assumptions 
or any investigation in regard to the signal form of the 
transmitters which were observed. I believe that in 
several of the transmitters on which readings were taken 
an effort is made to increase the power of the dot, for 
instance, and in other ways to have some control over 
the rate of growth and decay of the current in the trans¬ 
mitting aerial. It occurs to me that 'this may have 
some effect on the results, though the uniformity 
obtained with the various stations suggests that there 
is, perhaps, not so much in this point. 

Mr. R. V. Hansford : The paper is very useful in 
describing a method of measuring the decrement of 
a receiving circuit, and the splendid series of consistent 
results obtained is a great testimonial to its sensitivity 
and accuracy. One wonders, when one sees the extra¬ 
ordinary uniformity obtained for w8, whether the 
figure obtained is not in sonie manner a measure of the 
best adjustment of a particular type of receiver rather 
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than a general independent value of nS, and it would 
be interesting to know if measurements have been 
made on more than one type of receiver. The authors 
comment on the fact that the shape of the curve 
depends on the decrement of the circuit, and that the 
psychology of the individual is such that it is necessary 
to have a distinct break between the dash and the dot, 
but it seems questionable whether in a complex receiver 
the rise and fall of the signal current follow the simple 
law corresponding to the shape of signal given in Fig. 2. 
It seems possible that the “ ringing," which the authors 
suggest is the limiting condition, is a function of the shape 
of the received signal and could be improved by delibe¬ 
rately modifying the shape, e.g. cutting off the bottom 
tails. In practice, the operator actually adjusts the 
decrement of his receiver within wide limits by varying 
the retroaction until he obtains the best conditions, and 
I ^ould be glad to hear if, independently of the great 
scientiffc interest, the authors are able to draw any 
conclusion from their results in regard to practical 
receiver design. 

Mr. R. E. H. Carpenter : Have the authors made 
any observations on stations which emit a spacing 
wave, particularly those which emit during the spacing 
period a feeble wave of the same frequency as that used 
for marking ? It would seem that such observations 
might alter a little the conclusions to which the authors 
have come. 

Major A. G. Lee: The measurement of the decrement 
of a circuit which is not retroacted is a comparatively 
e^y matter, but when retroaction is present a number 
of difliculties present themselves. Some of these 
difficulties have not been discussed in the paper, and, 
while they may not relatively be of great importance 
outline them for the sake of completeness, 
reference to Appendix 1, which gives the derivation 
of the formula for calculating the decrement, the method 
^opted IS one in which a mistuned oscillator is adjusted 
to give an output equal to that given by a weaker 
^ciUator when the latter is adjusted to resonance. 

mistuned case the current in thfi circuit 
• “,^<^Pen<3ent upon the value of the impedance, 

(l/gO)}2]. The variation of B 
with mistunmg is dealt with by the authors in a footnote 
on page 497, which states that the effect is negligible. 

liowever, also be affected by the 
retroaction, and for mistnning which is not too wide 
the re^ance varies much more rapidly with frequency 
ttan the s^e function does in a circuit without retro- 
h™i The expression {qL - {llqO)f should therefore 
be replac^ by one which takes into account the effect 
of the retroaction on the reactance. This effect has 
been worked out by Bennett and Peters.* A further 
pomt IS whether the frequency of the heterodyne oscilla- 
w ® expression on page 497. 

brmiff?T^ ~ -^e/c^e ± *)• If a valve oscillator is 
teought ne^ a tuned circuit the frequency generated 
^ be affected by the presence of that circuit, ^e effect 
diff^ accordmg to whether the tune of the circuit 
heterodyne oscillator frequency, 
so that h IS not necessarily a measure of the change of 


frequency. Very loose coupling, which was adopted 
by the authors, is one of the means of reducing the 
discrepancy, and another more certain method is to use 
a screened heterodyne and to pass the output of the 
heterodyne oscillator through a unidirectional coupling 
such as a tdode. The method adopted in which the 
combined signal and heterodyne currents are passed 
through a rectifying valve and the circuit of retroaction 
^ 3 , leads to the difficulty that it is not clear whether the 
retroaction is the same as it would have been if the 
signal only had been subject to retroaction. When the 
measurement is made the heterodyne oscillator alone 
passes through the retroaction circuits. It is not clear, 
for example, that the proportions of signal and hetero¬ 
dyne are the same after the process of grid rectification 
in triode 4 as they are before they reach that grid, 
or that the retroaction on the weak signal is the same as 
that measured by the aid of the powerful osciUator, 
owing to the action of the rectifier 4 through which the 
retroaction has to pass. During the positive peaks of 
the heterodyne the signal will be damped by grid 
cuirent and tlie retroaction reduced. The phenomenon 
of " rinpngdescribed by the authors is present on 
most wireless receivers when there is a very narrow 
band obtained by fine tuning. This ringing trouble 
appeam to be due to the fact that the ear is not very 
sensitive to changes of amplitude of sound and does 
not appear to be able to distinguish in correct proportion 
the peaks and hollows of a signal which does not die 
away completely during the spacing intervals. The 
method adopted in commercial wireless receivers to 
overcome this defect is to use negative grid bias on 
some of the later stages of the receiver, such as the low- 
frequency portion. This process cuts off the hollows, 
and the ear now has definite periods of sound followed 
by equally definite periods of silence. The limit to 
this proceeding is, of course, that eventually the dots 
would disappear in the negative grid bias. 

Messrs. L. B. Turner and P. P, Best {in reply ); 

In reply to Prof. Marchant, no investigation was made 
BS to the possible imluence of age of observer, or 
pattern of telephone receiver used. No doubt there 
is a conceivable connection between youthfulness and 
sharpness of rise and faU, in acoustics as in other 
affairs ; but we do not think that the kind of telephone 
could be of appreciable significance unless it possessed 
quite unusually low damping. The virtue of adequately 
high anode potential in avoiding grid damping is that 
It permits the use of sufficient negative grid bias to keep 
grid currents out of the question. With reference to 
the suggested distinction between the optimum values of 
'«S with triode transmitters on the one hand, and with 
arc and alternator transmitters on the other, the 
results, as far as they p, certainly point in the direction 
Prof, Marchant indicates. The distinction is the 
more remarkable in that the presumably greater 
stej^ess or "purity" of the triode oscillation would 
tend towards lower decrements with tire triode. The 
fact that the values of n8 appear to be distinctly higher 
with triodes than with arc or alternator, points towards 
greater keying inertia effects with the former than with 
the latter. We think, however, that the stations 
observed were too few to justify any hut the most 
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tentative conclusion as to the relative qualities of the 
several types of transmitter. 

Captain Lea's remarks imply, very truly, that in 
consideration of the effect on the ear the acoustic ampli¬ 
tude-time curves are of more direct interest than 
those for the high-frequency currents. But with the 
superposed heterodyne oscillation, the rectified current 
is proportional to the high-frequency amplitude; so 
that curves such as Fig. 2 may be supposed to. portray 
approximately acoustic amplitude also. With the high 
damping of the acoustic system, and upwards of 25 
acoustic (heterodyne note) cycles per morse dot, it is 
likely that the high-frequency and the acoustic ampli¬ 
tudes rise and fall in close concordance. It is noted in 
the paper (bottom of page 495) that reduction of the 
note to some low pitch did appear to affect results, and 
high pitches were employed in consequence. 

IVlr. Hansford wonders whether the surprisingly con¬ 
sistent values of optimum nS may not be a property 
of one particular type of receiver. But, apart from a 
long chain of tuned circuits, we do not see how one 
receiver can differ from another, in its response to 
signals to which it is tuned, in other respects than 
sensitivity (which is irrelevant) and decrement (which 
we had under complete conirol). The influence of the 

shape " of the received E.M.F. has been referred to in 
the paper and by several speakers (see our reply to 
Prof. Marchant above). The suggested possible im¬ 
provement by some form of curbing has been referred 
to in the paper already published in the Journal (loc. 
cit., page 493). With, regard to Mr. Hansford's con¬ 
cluding remarks, we do not wish to suggest that the 
information as to working decrements here afforded will 
be of any help to an operator in setting his instruments, 
but we do hope that it will be of use to tlie calculator 
who provides liim with better instruments. In inquiries 
as to the effect of atmospherics in receiving circuits, for 
example, the lack of this knowledge has been acutely felt. 

Two of the stations whose signals were observed 
were of the kind mentioned by Mr. Carpenter. Bordeaux 


used the distuned spacing wave, and Ongar the feeble 
continued emission between the marks. 

Major Lee casts some doubt on the validity of the 
formulae of Appendix 1, on three counts. First, he 
fears the distuning effect of the retroaction employed 
to reduce resistance. But this, we think, is a second- 
order effect which vanishes when the retroaction just 
reduces the decrement to zero ; and in any case, whether 
great or small, it is no more than an experimental in¬ 
convenience, since the reactance of the circuit was 
maintained at zero by retuning during the retroaction 
adjustments [see under " Operation (ci)/* page 496]. 
Secondly, he fears that the coupling between L^ and Ljl 
(F ig. 1) might make the frequency of the heterodyne 
depart appreciably from proportionality to the square 
root of its capacity K. We point in reply to the extreme 
looseness of the coupling between the heterodyne L^ 
and the test circuit Lj^Cj. Thus the heterodyne 
generated E.M.F.'s in its oscillatory circuit of the order 
of 100 volts. From this a minute E.M.F. is impressed on 
Lj from L^, so small that on multiplication by ir/S 
(say 600 times) in the circuit Lj^C^, and again between 
grid and anode in triode 3 (say a further 4 times, or 
2 000 times in all), it produces only 1 volt or so on the 
measuring instrument M.V.; that is to say, the anode 
fluctuation of the heterodyne oscillator was some 
200 000 times the E.M.F4^ it impressed on L^Cj. Thirdly, 
he suggests that the decrement as measured, when only 
the heterodyne oscillation was present in the circuits, 
may have been appreciably different from its value in 
the system sis adjusted for optimum reception in the 
telephone, when signal and heterodyne were present 
together. To this we can only reply that the amplitude 
of the signal was so small in comparison with the 
heterodyne as to produce no observable effect on the 
deflection of M.V., and point to the precaution taken 
with the triodes to reduce to a minimum '' alterations 
of triode parameters consequent on minute unavoidable 
changes of amplitude while setting the receiver and 
measuring the decrement " (see top of page 496). 
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SOME ACOUSTIC EXPERIMENTS WITH TELEPHONE RECEIVERS 

By Professor E. Mallett, M.Sc., Member, and G. F. Dutton, Ph.D., Student. 

(Paper first received 17/A September. 1924, and in final fornt 13/A January, 1925.) 


Summary. 

A Rayleigh disc is used to find the resonant frequency and 
decay factor of a telephone receiver under different circum- 
stences as regards diaphragm clamping and air cavity behind 
the diaphragm. The field of sound in front of a resonator 
tube and a telephone receiver is investigated by the Rayleigh 
ISC and by a device for measuring sound pressures, and 
direct measurements are made of the overall acoustical- 
electrical efficiency of a telephone receiver. 
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a suitable form of disc, and its calibration, are described 
in Section (1). Measurement of the particle velocity 
in front Of the telephone receiver, while constant current 
of variable frequency is passed tlirough it, gives tho 
resonance curve of the receiver, and from the resonance 
cnrve the resonance. frequency and the decay factor 
can be obtained. That the values obtained in tliis 
way by measurements with tlie Rayleigh disc are the 
same as those obtained from electrical impedance 
measur^ents is shown by the experiments described 
m Section (2). With this established, tho Rayleigh 
disc method, on account of its greater simplicity, is 
applied to investigate some of the outstanding problems 
of the telephone receiver. In Section (3) tlio unsym- 
metecal resonance curves very often obtained are shown 
to be due to imperfection of clamping of the receiver 
diaphragm, and a design of rigid clamping which gives 
S3nnmetrical curves is described. Using tliis rigid 
d^pmg, the influence of the size of the air cavity 
behind the diaphragm on the resonant frequency and 
on the decay factor is examined in Section (4). It is 
found that as the cavity volume is decreased tho resonant 
frequency is m«eased owing to the additional stiffness 
given to the diaphragm by tlie increasingly stiff air 
cushion. At the same time, the decay factor is increased. 
MO the mcrease is measured witli substances of 
Merent soimd-absorbing properties forming part of 
tte ^vity wa^. The results given in tliis section 

if the importance of making 

order to 
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re<!onfl^ « ^ neghgible. Some hiteresting doublc- 
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air pressure is sufficient to determine the power output 
of the source. 

This approximation to a spherical wave is shown to be 
true [see Section (6)] in the case of a source of sound 
consisting of a resonator tube excited by a telephone 
receiver, by the agreement with theory of the particle 
velocities measured at various distances along the axis 
of the tube. Except at frequencies close to resonance, 
however, the output of a receiver alone is insufficient 
to make this method applicable. So a more sensitive 
sound-measuring device is constructed [see Section (7)] 
consisting of a Jong thin tube opening out on to the 
diaphragm of a telephone receiver, the coils of which 
are connected through a three-stage amplifier to a valve 
voltmeter. This device is calibrated against the Ray¬ 
leigh disc in the spherical field of sound produced by the 
resonator tube, and its indications are found to depend 
upon the. pressure at its mouth. Finally [Section (8)] 
this device is used to explore the field of sound around 
a telephone receiver fitted with a large flange, to find 
the least radius at which the wave may be considered to 
be hemispherical, and so to make measurements of the 
acoustical output. Close to resonance of the receiver, 
where the pressure explorer fails owing to its own reso¬ 
nance nearly coinciding, the Rayleigh disc is used for the 
measurement. The overall efficiency of the receiver 
measured is found to be about 1 per cent at resonance, 
falling to 0-1 per cent at a frequency removed from 
resonance by about 200 cycles. 

Part I* Use of Rayleigh Disc in Telephone 
Receiver Experiments. 

(1) The Construction and Calibration of a 
Rayleigh Disc. 

Experiments such as the determination of the efficiency 
of telephones and microphones, the resonant frequencies 
and damping of telephone discs and loud-speaker 
horns, require sound-measuring devices which have no 
reaction upon the source and which can be accurately 
calibrated. The Rayleigh disc, used without any 
resonator, suggests itself for the measurement of the 
vibrating air velocity. Its calibration may be performed 
accurately with unidirectional air flow. 

. Kdnig* has from theoretical considerations deter¬ 
mined the following relation connecting the torque 
upon a thin circular disc and the gas velocity:— 

Torque « 26 

where p = density of the gas, 

V == velocity of the gas, 
r « radius of the disc, 

B ~ angle which the normal to the disc makes 
with the direction of gas flow. 

If the stream of gas is alternating in direction, such 
as in a sound wave, the velocity v will be the R.M,S. 
velocity of the gas. 

The torque produced on a disc is very small for 
low gas velocities; with a disc 0-6cm diameter and 
velocity of air 0 • 6 cm/sec. (R.M.S.) the torque developed is 
0*0438 dyne-cm when 6 = 46®; at a frequency of about 
600 cycles per sec. this velocity represents a loud sound. 

* Aimalm der Physik und Chemie, 1891 vol. 48, p. 48. 


A thin mirror 0 * 6 cm in diameter suspended by unspun 
silk was at first employed. It was sensitive but its 
zero was not sufficiently stable. Very thin phosphor- 
bronze strip (1 mil wire, rolled) was tried but found to 
be too stiff, but exceedingly thin glass fibre was found to 
be perfectly stable and sensitive. The fibre was made by 
C. V. Boys^s method of making quartz fibres. It was 
found that unless the mirror,was very thin and light, 
considerable difficulty was encountered due to lack 
of sufficient damping. Silvered microscope cover-slips 
answer admirably. Such a disc 5 mm in diameter 



Fig. 1.—Rayleigh disc calibration. 

with a glass-fibre suspension will come to rest, after being 
violently disturbed, in 2 or 3 seconds. 

Since the elastic constants of the suspension fibre 
were not known, it was decided to calibrate the disc 
in a direct current of air. The disc was suspended in 
the centre of a tube 6 cm diameter, in a current of air 
caused by the displacement of water in a tank. The 
rate of flow of the water in the tank was observed, and 
from the knowledge of the respective areas of the tank 
and tube the air velocity was deduced. With air veloci¬ 
ties above 2 cm per sec., however, the air flow was very 
erratic, due to the formation of eddies in the water 
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Fig. 1 (a). 

pipes and valve. To surmount this difficulty a sensi¬ 
tive inclined Venturi meter was constructed and cali¬ 
brated. Velocities above 2 cm/per sec. were titien ob¬ 
tained with the use of this meter and a rotary air pump. 
A large air reservoir was placed in series with the air 
supply from the pump to eliminate slight pulsations. 

The deflection of the disc mirror was observed by 
means of a lamp and scale. The initial position of the 
plane of the mirror was 46® to the direction of air 
flow, the length of the suspension fibre was 39 cm, and 
the distance of the disc to the scale 48 cm. ^ 

Fig. 1 shows the calibration curve obtained for this 
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disc, where the air velocity in cm per sec. is plotted 
against the deflection a. Fig. 1 («) gives a verification 
of the formula Torque = sin 20. For equiUbrium 
the torque = *48, where 8 is the angle of deflection 
of the disc, and is given by tan 28 = a/d, where d = dis¬ 
tance from scale to disc = 48 cm. When the disc is 
deflected by an angle 8, the angle 0 of the formula 
becomes (46 — 8), and sin 2^ = sin (90 — 28) = cos 28. 

Hence .48 = KV^ cos 28, or F® = const. X 8/cos 28. 
The relation between and 8/cos 28 should be a straight 
line, and that this is very nearly true for the curve of 
Fig. 1 is shown in Fig. 1 (o). 

The calibration of the disc carried out in a steady air 
current by theory holds for an alternating air current 
of any telephone frequency. This is confirmed by later 
^periments, which indicate that the disc calibration is 
independent of frequency. 

(2) Receiver Resonance Curves. 

A Rayleigh disc calibrated in this way was used to 
find the resonance curve of a receiver diaphragm, and 
hence its decay factor and resonant frequency,'and 



The receiver under investigation was supported by a 
retort stand in this chamber. A torsion, head on the 
top of the box carried the Rayleigh disc, which was 
illuminated by a lamp in the side of the box opposite 
the receiver, and the deflections of the disc were read 
on a translucent scale let into the side of the box next to 
the lamp (see Fig. 2). The zero position of the disc 
was adjusted by means of the torsion head so that its 
normal made an angle of 45° with the axis of the tele¬ 
phone and hence with the sound wave from the telephone. 

The current to the receiver was supplied from a step- 
down transformer in the anode circuit of the amplifier 
valve, and included in the receiver circuit was a Duddell 
thermal milhammeter and a variable resistance. A 
valve voltmeter was connected across the receiver 
terminals, and the resistance always adjusted so that 
the voltage was the same, viz., 2-2 volts. The impe¬ 
dance at any frequency was therefore 2-2/z, where i 
IS the current reading on the milliammeter. 

Table 1. 

Comparison of Damping and Resonant Frequency by 
Impedance Measurement and by Rayleigh Disc. 
Potential Difference across Receiver = 2*2 volts. 


at -ae same time impedance measurements were made 
^ that the values obtained could be compared with 
^ose obimned by the method described previously.* 
Power of known frequency was obtained by actuating a 
taode amphfier with a valve oscillator, care being taken 
that the anode voltage and grid voltage of the amplifier 
were so arranged that no load was placed on the oscil- 
-n ^ ^ frequency calibration of the 

oscillator is not mterfered with by current changes in 
^e telephone. The oscillator was calibrated against 
fundamental and harmonics of a valve-maintained 
^ the capacity of the osciflator 

unW b^ts from telephones in the anode circuits of 
tte m^tam^ fork and the amplifier disappeared. 
The value of .ff in the relation Jr-pecurea. 


Frequency 

Current 

Air velocity V 

z 

r/i 

^/sec. 

613 

xnA 

8*6 

cm/sec. 

0-35 

ohms 

266 

eni/sec./amp. 

40-6 

637 

8*35 

0*45 

264 

64-0 

• 661 

8*1 j 

0*66 

272 

68*0 

704 

7-3 

1-36 

301 

186 

711 

7-68 

1-86 

290 

244 

716 

8-2 

2'26 

268 

276 

723 

9*0 

2-66 

244 

284 

739 

10-33 

2-66 

212 

247 

763 

10-26 

1-86 

214 

180 

776 

9-6 

1-26 

232 

132 

797 

8*96 

0-86 

246 

96 

860 

8-13 

0-46 

270 

66 


Frequency = 


V (capacity) 

decreased subtly -with rise of frequency. A curve 

^ ^ capacity was drawn so that 

tte fr^uency could be determined on a slide-rule 
from the value of the capacity. 

chambCT was made of a wooden bdx 1 metre 
rabe. the mside walls of which were coated with a 

h ^ ^te. Such walls, as will 

t experiments, are sufiSdently sound- 

absorbent to prevent any trouble from reflected waves. 

♦ E. Mailbtt ; Journal 1924, vol. 62, p. 617. 


The force actuating the diaphragm is proportional 
to the current, and the diaphragm velocity at any 
frequency is given by 

% z . 

whOTe F is the alternating force, A the force factor and 
z the mechanical impedance of the diaphragm. The 
air velocities V in front of the receiver will presumably 
be proportional to the diaphragm velocities, so that 

Foe oc — i 
z 

V B ^ 

^ where R is a constant. 

To obtain a resonance curve (1/z) of the diaphragm 
F/^must therefore be plotted against the frequency. 

The figures obtained in this experiment are given in 
lable 1. In the first column is tlie frequency, in the 
.• Kennelly, toe. p. 98 . 
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second the current through the receiver, and in the 
ttod the R.M.S. air velocity as measured by the Ray¬ 
leigh disc. The calculated value of the receiver impe¬ 
dance {Z=2*2li) is entered in the fourth column, and the 


lines very nearly coincide. The decay factor A from 
each is 146, while the resonant frequencies are 721 from 
the impedance measurements and 724 from the Rayleigh 
disc measurements* 



air velocity per ampere (V/i) in the fifth. Z is plotted 
against the frequencyfat the top of Fig. 3, and Vfi 
below. The circle construction previously described * 
is carcied out on each curve to obtain the tan a/frequency 
lines at the bottom of the diagram. It is seen that these 

♦ E. Maixett, Joe, cU, 


It is evident, therefore, that the Rayleigh disc method 
gives essentially the same values as the impedance 
method for the resonant frequency and decay factor 
of the diaphragm, and it was us^ as a general^method 
in further investigations in preference to the impedance 
meiiiod, on account of its greater simplicity. . « 


VoL. 63. 


34 
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In order to reduce the time taken for the disc to come 
to rest after any adjustments of current or frequency, a 
key was included in the receiver circuit so that the 
current supply could be stopped or reduced so as to 
give, by reason of the altered sound-wave intensity, a 
judicious impulse to the disc. 

(3) Lack of Symmetry in Resonance Curves. 

A lack of symmetry was very often observed in the 
resonance curves obtained from receivers with the 
diaphragm clamped in the usual way with a screw cap 
of ebonite, for example in the curve of Fig. 4 for an 



ingly modified as indicated in Fig. 5 by replacing the 
ebonite screw-cap by a brass ring A, both the ring 
and the receiver case being ground slightly conical so 
that, when the heavy clamping ring B was screwed up 
tight by the set-screws S, the diaphragm was slightly 
stretched. The resonance curve now obtained is given 
in Fig. 6. The asymmetry has disappeared, while the 
resonant frequency has been raised from 675 to 718 
cycles per second, partly owing to the stretch given 
to the diaphragm but, probably, also owing to the 
more rigid clamping obtained. It was found, moreover, 
that only one resonance was obtained for the nodal 
diameters, and that the nodal circle was apparently a 
true circle. 

It appears therefore that, for experiments on tele- 



Fig. 6.—For single-pole receiver; diaphragm damped 
With heavy brass ring. ' 


old single-pole receiver. Here the rise of am plit^df 
while approaching the masdmnm from low frequendes 
IS much slower -^n the fall of amplitnde after the 
maximum has been passed. In other cases the reverse 
has been found. Kennelly • has noticed a 
departure from the theoretical resonance of a single 
and suggests in the discussion on a paper by 
rof. R. L. Jones on “ Vibration Galvanometers with 
Asynmetric Moving .Systems' (Proceedings of the 
PhystccU Society. 1923, vol. 36, p. 67) that it may be 
caused by asymmetry introduced by uneven oiamping 



Fig. 6. 

of the diaphragms round the edge. That asymmet 
e^ts genially m also noted, in a paper f in whi. 
the nodal hues of various overtones of a receiver di 
^^m wwe mapped out by sand figures, and was ind 
by ae appearance of nodal diameters at tv 
frequencies. The asymmetry was also ind 
c^ by the depar^e of the nodal circle from a tn 
(»de mto elhpses or pear-shaped figures. In fact tl 
diaphragm m those experiments^^ 
adju^ untd the figure was most nearly a circle 
. The receiver from which Kg. 4 was taien was accon 
.. * Xoc. p, 128 . ' 

! JournalIX£.. ISSS. voL « 


phone receivers, clamping in the ordinary way with 
a screw cap is not satisfactory, but that an arrangement 
such as the one indicated in Fig. 5 gives perfectly satis¬ 
factory results. 

(4) Influence of the Air Chamber on the 
Resonant Frequencies and Damping of a 
Telephone Duphe.agm. 

It ^ been noticed • that the ratios of the overtones 
of a telephone diaphragm to the fundamental do not 



hi,7^+^ . membrane or the plate theory, 

but that tte ratios of the overtones to the nodal circle 
agree quite weU with the plate 'theory. Investigations 
^ ascertain the effect of the air cavity 
f- . ® ^ephone diaphragm upon the resonant 
fradamental and overtones, with the 

apparent departure of the funda- 
mental from the plate theory, 

“b ‘i™^ions shown in Fig, 7 was 

Se en^!l f ® ^ with 

‘Clamped by a heavy 
br^ ring and four set-screws, with the clamping surf aS 

• J. T. MAcGracoR-MoHRis and E. Mallmt, he. cU. 
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ground dead flat, so that the diaphragm was neither 
stretched nor buckled when clamped. Under these 
. conditions a true smooth resonance curve was obtained 
for the fundamental and the first nodal circle. Four 


Table 2. 



Infinite cavity 

Air cavity 24 cm8 

|i 


Mode 

Resonant 

Overtone 

Resonant 

Overtone 

¥ 

I 

1 


frequency 

Fundamental 

frequency 

Fundamental 

Funda* 

mental 

512 

1‘00 

620 

1-00 

1-00 

© 

1073 

213 

1073 

1-73 

2- 

10 

© 

1724 

3-37 

1 724 

2-78 

3-40 

@ 

1 986 

BSO 

1 985 

3-20 

3-90 

® 

2 582 

502 

2 582 

4-17 

5-00 


3 064 

6-00 

3 064 

4-96 

6-96 


3 276 

6-40 

3 276 

5-29 


- 


4 300 

8-40 

4 300 

6-94 

8-i 

30 


4 460 

8*91 

4 460 

7-20 

8-' 

70 


5 830 

11-40 

5 830 

9-40 

— 

- 


screw plugs 1*2 cm in diameter were tapped into the 
air cavity casing. With these plugs removed the cavity 
volume was considered to be infinite. 

The resonant frequencies were obtained, for all modes 


by the ear and the nodal figures were shown by light 
dry sand. 

Table 2 shows the ratios of the higher modes to the 
fundamental for an infinite cavity and for a cavity volume 
of 24 cm®. When the cavity volume is infinite these 
ratios conform very accurately with those calculated 
from the theory of a circular plate rigidly clamped at 
its edge. With a cavity volume of 24 cm® all the ratios 
are too small. The fundamental of the diaplxragm has 
been raised by the increase of stiffness given by the air 
cavity, while the frequencies of the overtones are not 
affected. 

In order to obtain a relation between the resonant 
frequency and air cavity a standard telephone was used. 
The diaphragm was enamelled to an equal thickness on 
either side, the total thiclaxess of enamel being 5 mils 
and of the metal 7 mils. The variation of the cavity 
volume was obtained by, pouring in paraffin wax; a 
period of at least four hours was allowed for the wax to 
cool and harden before observations were made. The 
volumes were measured by pouring fine silver sand into 
the cavity up to the diaphragm level and then pouring 
the sand from the cavity into a calibrated tube. In 
taking the resonance curves the Rayleigh disc was 
suspended at a distance of 2 cm from the diaphragm, 
and the receiver was actuated by a constant current of 
2 mA for the fundamental and 4 mA for the nodal 
circle. 

The curves obtained for the fundamental are shown 
in Fig. 8, while Fig. 8 {a) gives the curve obtained 
with each cavity for the nodal circle. It is seen that 
while the reduction of cavity results in a successive 
increase of resonant frequency in the case of the funda¬ 
mental, it^ has no infiuence on the nodal circle curve. 
The two curves with different dampings at a cavity 
volume of 13*6 cm® are deajt with later. 



up. to and including the nodal circle, by means of the 
Rayleigh disc suspended at a distance of 2 cm from the 
•diaphragm. Plotting air velocity against frequency 
.with .constant excitoig current, the maximum or peak 
.velocity gave the resonant frequency direct. For higher 
modes than the circle the resonant point was deitected 


These results may be explained by the consideration 
that the pressure alterations of the air in the cavity give 
rise to an additional restoring force on the diaphragm, 
.and this restoring force for a given diaphragm* move¬ 
ment will be inversely proportional to-the voluifte of the 
air cavity. 
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Under ordinary circumstances the resonant frequency 
of a diax>hragm is given by 

27r V 

where S is the restoring force for unit deflection and m 
the equivalent mass. If to S we add a quantity 
S' = Afv, where v is the cavity volume, we obtain 

l{S±SJ 


from which 




■(£+£)_ +A) 

0 47 t 2 \ m / 477 * \^m vmj 

V 

where A, JB and C are constants. 

Thus plotted against l/v should give a straight 
line. 
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of this overtone were found to be independent of the 
air cavity volume down to 1*68 cm®. In the case of 
the overtones, therefore, there is no communication 
of alternating air pressure to the cavity as a whole ; the 
outward displacements of parts of the diaphragm are 
at any instant equal to the inward displacements of 
the other parts. A reciprocating air flow must take 
place between the parts of the diaphragm of opposite 
phase, and not until the cavity is so small as to impede 
this flow will an alteration of reasonant frequency and 
damping be expected. 

It is thought that these results may explain to some 
extent the lack of success of the static method of finding 
the stiffness coefficient of a telephone diaphragm.* 
The increase of deflection with time of application of 
load described by Kennelly may be due to the gradual 
lealdng away of air from the cavity, while if the cavity 
is open to the air through the holes through which the 
leads are brought, the static determination of the coeffi¬ 
cient will not include the stiffness due to the air cushion. 

The values of the decay factor r/(2m) derived from 
the curves of Fig. 8 are entered in the last column of 
Table 3, and it is at once evident that the volume of 
the cavity has a large effect upon the damping. The 



Fig. 10.—Variable air cavity. 


In Table 3 are entered the values of and v from 
Fig. 8, and the values ofand Ifv are plotted in Fig. 9. 


Table 3. 


v 

/o 

i/t» 

fi X io-» 

A 

16-2 

1055 

0-0617 

1 112 

84-9 

13-6 

1068 

0-0736 

1 140 

167 and 105 

8*34 

1 115 

0-120 

1 244 

99-3 

4*10 

1230 

0-244 

1 511 

124 

1*68 

1500 

0-595 

2 251 

314 


The points obtained lie on a straight line, thus confirming 
the explanation given above of the influence of the .air 
cavity* 

Fig. § (a) shows the resonance curve for the nodal 
circle dv^one. The resonant frequency and damping 
* KBSunsLirY, loe, cU,, p. 47. 


increase of damping with reduction of volume was, 
however, somewhat irregular in tlie first readings taken,, 
and it was thought that this might possibly be explained 
by the surrounding of the coils of the receiver by wax. 
This supposition was to some extent confirmed by the 
second figure at v = 13* 6, which was obtained by boring 
out some of the wax after it had been nearty fnU so- 
that now when tlie receiver coils were nearly completely 
covered with wax the decay factor was 105, whereas, 
previously when the coils were almost completely ex¬ 
posed, but the cavity volume was the same, the value 
was 167. 

Obviousty, therefore, the method by adding wax 
is not a good way to investigate the influence of the 
air cavity on the damping, and a special device was. 
constructed as shown in Fig. 10, in which an artificial 
adjustable cavity is fitted on to the front of the telephone, 
while the normal cavity behind the diaphragm was- 
opened to the atmosphere b}^ removing the plugs shown 
in Fig. 7. T is a brass tube, 4* 9 cm long, sweated into 
* Ksnnslly, loc, cU», p. 41. 
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the telephone clamping ring C. Within the tube slides 
an airtight boxwood piston P. The space between 
the piston and the telephone diaphragm forms the aii* 
cavity, the volume of which may be adjusted to a nicety 
by the screw S and lock-nuts working between the 
bridge B* To relieve the pressure in the cavity after 
an adjustment of volume, a taper pin is withdrawn 
from the hole H in the clamping ring. A Rayleigh 
disc was suspended in front of one of the holes in the 
cavity casing, and the whole apparatus was placed]in 
the sound climber to screen the suspended disc from 
draughts. 

The variation of damping factor with volume was 
determined with the piston face covered with:— 

(i) Smooth brass 0«4 cm thick. 

(ii) Hard felt 0*6 cm thick. 

(iii) Vaseline 0-2 cm thick. 

The results are given in Table 4 and the decay factor 
is shown plotted against 1/volume in Fig. 11. The 



o 0-1 0-2 0-3 

// Cavity volume 

Fig. 11.—Variation of damping of a telephone with air 
cavity volume and material. 

readings for brass give an approximately straight line. 
Probably the energy loss does not take place to much 
extent on the surface of the thick brass but is mainly 
due to air leakage. 

Table 4. 



I/volume 

Damping factor 


voiunie 

Brass 

Felt 

Vaseline 

cm* 

16*0 

0*0667 

76*8 

87 

90 

10-7 

0*0936 

89*0 

116 

112 

8-1 

0*1236 

100*0 

166 

160 

5-3 

0*1890 

128*0 

290 

224 

3*3 

0*3030 

166*0 

620 

360 


The damping factors for felt give a curve which has 
a tendency to become steeper as tlie air volume is 
reduced. The departure from the siJaight line may 


be due to the error in the measurement of the air volume, 
for the felt has a very rough surface. The damping 
factor for vaseline is at first greater than for felt, but the 
average slope of the cmrve is less, the result being that 
at 3*3 cm® the damping is 360, while that for felt is 
620. The values for vaseline give a very fair straight 
line. It should be mentioned that the vaseline contained 
numerous very small air bubbles, and it would therefore 
be imagined that losses took place owing to the viscosity 
of the air in these small bubbles and to that of tlie 
vaseline round about them. 

These experiments show that the acoustical-electrical 
efficiency of a telephone will depend to some extent 
upon the air cavity volume and the material of its walls. 
For large cavities such as 16 to 20 cm® and with the 
standard size of diaphragm the effect of different 
materials will be small, but if small cavity volumes are 
used the material of the cavity will be a matter of 
considerable importance. In such cases the insulating 
material of the windings should be consolidated with 
wax or, better still, the windings should be enamelled 
solid. Some commercial telephone receivers have this 
feature. The reminder of the cavity walls should be of 
smooth metal, free from air leakage to the external 
atmosphere or to the receiver handle. 

(6) Extension of Cavity. 

An adjustable air column in the form of a long brass 
tube was coupled direct to the air cavity behind the 
telephone receiver by screwing the tube in the casing. 
The tube was 30 cm long by 1 cm bore, fitted with an 
airtight piston packed with greased leather. By 
adjusting this piston the length of the air column could 
be varied at will from 0 to 28 cm. It was found neces¬ 
sary to equalize the pressure on either side of the dia¬ 
phragm between each variation of air-column length, 
by withdrawing a small plug (formed by a knitting- 
needle) from a hole in the cavity casing. 

The telephone was placed in the padded sound cham¬ 
ber with the diaphragm 2*8 cm from the Rayleigh 
disc. Resonance curves for various lengths of air 
column were then talren with constant current over a 
frequency range of 200-3 000 cycles. There was a slight 
fall in the fundamental resonant frequency according 
to the theory of Section I (d), until the air column was 
about 10-6 cm long, but beyond this point a double¬ 
resonance effect appeared. 

Resonant curves are shown in Fig. 12 for air-column 
lengths of 10*6, 11-6, 14*7 and 19-9 cm. Between 
tube lengths of 10 and 20 cm, since only two resonances 
could be detected, it may be concluded that the funda¬ 
mentals of the diaphragm and of the tube only were 
acting as a coupled system. No double resonance could 
be obtained with the overtones of the diaphragm. 
This confirms the conclusion arrived at in Section 1 (d) 
that a diaphragm vibrating in an overtone produces no 
change of air pressure in the cavity. 

The arrangement is analogous in many ways to the 
familiar coupled electrical circuits. In such a system, 
referring to Fig. 12, if OA = OB = natural wave¬ 
length of one circuit Ai, OC == natural wave-le|igth of 
the other circuit X 2 * sin 0 =. sin COB — r, the 

coupling coefficient, then the two wave-lengths ^A^, A^^ 
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at which resonance appears are given by |(AC + CB) 
and i(AC - CB)* 

In Table 6 and Fig. 12 it is shown how far the mechani¬ 
cal coupled system in question agreed with the electrical 
laws. 


When air columns greater than 23 cm were tried, 
double resonance again occurred, the colunm then 
vibrating on its third harmonic. 

The application of this investigation is to the loud¬ 
speaker, where the horn with its various resonant 


Table 6. 


1 

Tube lengtli, 1 

* 2 

Resonant frequencies 

3 

Resonant wave-length 

X' X" 

4 

(X'+X") 

*6 

(X'-X") 

6 

Wave-length of 
tube, 42 

7 

Wave-length of 
tube, from 
constraction 

<yin 









0 

716 

47-0 

— 

— 

— 

— 


670 

910 

60*0 

36*8 

86*8 

13*2 

42*4 

41*0 

11*6 

650 

856 

61-6 

39*2 

90*7 

12*3 

46*4 

46*0 

14-7 

690 

770 

66-8 

43*6 

100*3 

13*3 

68*8 

64*2 

19-7 

476 

736 

70-4 

46*6 

116*0 

24*8 

79*6 

69*5 


In cols. 1 and 2 are collected the data of Fig. 12. In 
col. 3 are entered the resonant wave-lengths (A' and A'^) 
calculated from col. 2 as 33 600//. 

In Fig. 13 we have 

A' = i(AC + CB); A"-i(AC-CB) 

/. A' + A"«AC and A'- A" « CB 

A^ -f- A'^ is entered in col. 4 and A"" — A^'" in col. 6, and 
these values ar6 used to construct the wave-length 
triangles, taking AO «= OB'. = 33 600/716 = 47*0, the 
natural wave-length of the diaphragm with air cavity. 

In col. 6 is entered the wave-length of the tube (4 times 
its length) and in col. 7 the wave-length measured oE 
as OC from the triangles. The agreement is not too 
good, “^nd the analogy is probably not complete, but 
it is sufficiently good to show the points of similarity. 

The coupling coefficient" varies from sin 16*2® 
{« 0*28) in the case of the 10-6 cm tube, to sin 10*6® 
(=0*18) in the case of the 19*7 cm tube. , 

♦ PiBRCE ; ** Electric Oscillations and Electric Waves,” p. 81. 


frequencies must act in a similar manner to the tube 
in causing multiple resonance frequencies. 

Part n. Acoustical-Electrical Efficiency of 
Telephone Receiver, 

(6) A Source of Sound of Pure and Variable 
Frequency. 

The well-known equation for the actuating force on 
a telephone diaphragm is :— 

Force = K{bI - (Bo + 5 sin oiQ*} 

= - K{W^ sin toi + §6® - cos 2 (ot} 

where Bq is the permanent flux, 

6 is the R.M.S. alternating flux due to tlie cur¬ 
rent in the windings, and 
xo is the angular velocity. 

It will be seen that if the alternating flux b is so 
large that its square is comparable with B^f), then the 
second harmonic wih be appreciable. 
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Fig. 12.—Resonance curves ipv telephone coupled with closed air column. 
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Again, the restoring force per unit displacement is 
not symmetrical about the zero, hence a full series of 
harmonics of rapidly decreasing amplitudes with increase 



of frequency is likely to occur if the amplitude of vibra¬ 
tion is large. The second, however, is the only har¬ 
monic that is likely to be appreciable. 


Resonance curves were taken with a fixed frequency 
and current and variable tube length. Fig. 16 shows 
such a curve. It will be seen that the resonances are 
very sharp, hence if the tube is to give a steady sound 
output the frequency of the supply must be kept very 
constant. The distances apart of the peaks are half the 
wave-length, and the small decrease of amplitude with 
successive jieaks shows how small is the damping intro¬ 
duced by the tube ’walls, * 

The Distribution of Sound Intensity about the 
Resonator Tube, and the Calibration of a 
Telephone Sound-Pressure Explorer. 

The shape of a sound wave proceeding from an open 
tube changes rapidly from a more or less plane wave 
within the tube to a spherical one at a distance of a few 
cm from the mouth. The change takes place more 
rapidly the higher the frequency. According to the 
results of the experiments at a frequency of 400 and 
upwards, the wave-front at 6 cm from the mouth of 
the tube had become sufficiently spherical to obey the 
law of variation of air velocity with radius within the 
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Fig . 14 . —Resonator tube and telephone. Scale about half size. 


A tube of uniform bore, open at one end and closed 
at the other, resonates to a fundamental frequency the 
wave-length of which is about 4 times the length of 
the tube. The natural overtones of such a tube form 
an odd series, and if the tube is wide these resonant 
frequencies will vary considerably from the harmonic 
series of the fundamental. Such a tube is almost ideal 
for purifying the sound emitted from a telephone re¬ 
ceiver inserted into the closed end of the tube. The 
second harmonic, if present in the vibration of the tele¬ 
phone diaphragm, will not be reinforced by tlxe tube, 
and its intensity will fall into insignificance compared 
with the fuhdamental. The odd harmonics will be 
but slightly reinforced by the tube, due to the departure 
of its natural overtones from the harmonic series. 

Such a resonator tube was made of drawn brass 6 cm 
in diameter and 120 cm long. A telephone of 60 ohms 
resistance, mounted on a long brass rod, slides within 
the tube. The sliding fit is rendered perfectly airtight 
by a greased leather packing ring as shown in Fig. 14. 
A pointer fixed to the telephone rod indicates the length 
of the air column on a scale fixed to the tube. 

The resonator tube was mounted in the wall of the 
sound-absorbing chamber; readings were then taken 
of the variation of air velocity with the telephone 
receiver current. The relation was found to be a linear 
one for any frequency (up to 3 000) and length of tube 
(see Fig. 16). • 


limits of experimental error. This was the case with 
or without a large fiange on the end of the resonator 
tube. 



Fig. 16.—Relation between air velocity and current in 
resonator tube. 

For a diverging spherical wave the velocity potential 
is given by 

A / r\* 

O ~ — cos Oil t -) 

477r \ c/ • • 

. ♦ Vide Lamb j “ Dynamical Theory of Sound,” chap. 8, 


i 
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where O =: velocity potential, 

r = radius from the imaginary point source, 
c = velocity of propagation of sound in the 
medium, and 
A s= a constant. 



A CJ 
^irr c' 




_ 


Fig. 17. 


Tile alternating pressure 

47rr 


oj sin 0 . 


and the R.M.S. pressure 

^ ^ 477rV2 

These results are shown vectorially in Fig. 17, 


The velocity component which varies as l/r^ is 
90® out of phase with the component var 3 dng as 1/r, 
and the latter is in phase with the pressure. The sound 
intensity at the radius r is represented by the product 
of the pressure and the in-phase velocity component. 

Table 6 and Figs. 18 and 18 (a) show the experimental 
verification of ^e equation 




In the table the distance r is measured from the 
mouth of the tube, and it will be seen that it is the radius 
of the spherical wave, or, in other wrords, the centre of 
the wave is exactly at the mouth of the tube. 


Length of resonant air column, cm 


Fig, 16. —Relation between air velocity and length of air 
column in resonator tube. Frequency = 940 cycles 
per sec. 

The air velocity v is therefore given by 
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4rrrr c ”\ c/ ‘ 47r7^ 
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Fig. 18. 


Fig. 18(a). 


The good agreement of the above results with theory, 
shows that reflection within the sound chamber is 
negligible, at least within 15 cm from the source. 

Similar results were obtained at a number of dif¬ 
ferent frequencies. 

Table 6. 

/ = 439; c (at 16® C.) =3*40 X 10^ cm/sec. 
o) « 2760; (o/c = 0*084; current — 3-8 inA. 


Distance r 

Air velocity 
V 

1 

1 

r* 

vs-s+y 

cm 

4*38 

cm/sec. 

2*16 

0*000368 

0*00271 

0*0666 

5*00 

1*72 

0*000282 

0*00160 

0*0434 

6*50 

1*46 

0*000233 

0*00109 

0*0364 

6*00 

1*29 

0*000196 

0*000770 

0*0311 

7*00 

0*96 

0*000144 

0*000415 

0*0236 

8*00 

0*77 

0*000110 

0*000246 

0*0188 


Slope of line ==38*4 

» = 38-4^(i. J + i) 

The values of the air velocity V are plotted against 
the distance r from the mouth in Fig. 18, and in Fig. 18 (a) 

against the value of ^(1 ~ + 1). 
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(7) Sound-Pressure Explorer. 

The Rayleigh disc was not siifi&ciently sensitive to 
measure the sound velocities a few cm in front of a 
receiver diaphragm at frequencies removed from 
resonance, and it does not lend itself readily to mapping 
out the velocities in an acoustic field. Another instru¬ 
ment for this purpose was required. It is essential that 
the introduction of the instrument should in no way 
aftect the pressure distribution, and that its reaction 
upon the source should be negligible. 


En 



ms 

Fig. 19.—Sound-pressure explorer. 

With the above requirements in view the device shown 
in Fig. 19 was constructed. The apparatus consists of 
an electromagnetic telephone, the diaphragm of which 
is coupled to the external atmosphere through the 
system of tubes " c,'' d and “ e.” The mouth 
of the tube " e " is introduced into the sound field. 
The long length of tube was in order to have the mouth 
e 'U as far as possible from the disturbing presence 


telephone consisted of twin workshop cable armoured 
with stranded copper. This armouring acted as an 
excellent screen against alternating electrostatic fields; 
without such protection the latter were very trouble¬ 
some. All metal work on the search telephone was 
connected to the armouring and, hence, to earth. Fig. 20 
gives a diagram of connections. The first transformer 
primary had a resistance of 60 ohms, the secondary 
a resistance of 6 000 ohms shunted by a 10 000-ohm 
resistance arranged as a potentiometer. The valves 
were of the ordinary R type with an anode voltage of 
120, 4 volts on the filaments and 1‘6 volts negative 
on the grids. The intervalve transformer had a step-up 
ratio of 1/2. The whole amplifier except the first 
transformer was placed in an earthed iron box. It was 
found necessary to place the first transformer in a 
separate iron box to prevent the amphfier oscillating. 

The voltage on the secondary of the last transformer 
was read on a valve voltmeter. The valve used for the 
voltmeter was a Marconi R-type dull-emitter, anode 
voltage 20 and grid potential 4«5 volts negative. The 
galvanometer was a 600-ohm Paul unipivot moving- 
coil instrument giving a maximum scale deflection with 
6 /xA. This was provided with a variable shunt in 
order to increase the range. Up to 4*8 volts there is 
no appreciable grid current; beyond 6*6 volts, however, 
the grid current rises rapidly. It is essential that the 
voltmeter should take no grid current from the amplifier 



of the telephone upon the sound waves. The telephone 
and the tube ** c** were coated with a layer of cotton 
waste to reduce reflection, while tubes e ** and d 
were coated with petroleum jelly. 

The cross-sectional area of the mouth of the tube '* e '' 
is 0 • 12 cm^ hence the energy abstracted from the sound 
waves is very small, resulting in small induced E.M,F.'s 
in the telephone windings. These small E.M.F.'s were 
increased by a three-stage transformer-coupled valve 
amplifier in order that the response could be conveniently 
read upon a valve voltmeter. 

Description of Amplifier and Valve Voltmeter. 

Stray alternating electrostatic and magnetic fields 
had to be guarded against with great care, due to the 
proximity of heavy electrical machinery and valve 
oscillators. The flexible leads from the exploring 


transformer, otherwise the voltage-drop would be 
considerable, resulting in a departure from the direct 
proportionality between the input and the output 
amplifier voltages. 

The calibration of the explorer was carried out with 
the resonator tube and Rayleigh disc in the sound¬ 
absorbing chamber. The disc and the mouth of the 
explorer were mounted side by side and the distance 
of the mouth of the resonator tube—i.e. the distance 
r of the source of sound—^was varied. 

Table 7 gives the results obtained at a frequency of 
694. Col. 1 gives the distance of the source in cm, 
col. 2 the air velocity as measured by the disc, and col. 3 
the amplified explorer voltage e. Col. 6 gives the ratio air 

velocity/^^i • ^ the.resona- 

tor tube is acting as si point source, while in col. 4 is 
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Table 7, 


Current in Resonator Telephone 3^8 mA; Voltmeter 
Shunt 420 ohms; Amplifier Shunt 70 ohms ; Fre^ 
quency 694 cyclesisec* 


Distance 

r 


Amplifier 
voltage e 



Air velocity 

re 

< 

+ 

rm 

4*20 

cm/sec. 

1*68 

volts 

1*630 

7-00 

24*6 

6-26 

M3 

mmm 


26*6 

6*50 

0*76 

BBS 


24*4 

6-60 

0*74 

■iil 

7*00 

24*4 

7-00 

0-67 

1*020 

7*15 

24*2 

10*10 

0*39 

0*700 

7*06 

24-0 




7*04 

24-6 


entered the product re of the distance and the amplified 
voltage. The fact that re is constant indicates that 
the explorer is measuring pressures, and that the reading 
of the voltmeter is directly proportional to the pressure 
of the sound wave at the mouth of the explorer. 


In the neighbourhood of 790 cycles, which was the 
resonant frequency of the explorer telephone, the latter 
fails to give a measure of the pressure, since thp values 
of re no longer come constant. At 790 cycles it was 
found that (r + 4)e was a constant, while the values of 

W(3' ^ were constant as before. This phe¬ 
nomenon was not further investigated, but the use of 
the explorer at frequencies near 790 was avoided. 


% 

Table 8. 


/ 

A 

4irV2 

re 

S 

439 

6M0 

6*96 

28*6 

690 

37*4 

7-07 

23*6 

694 

24*5 

7-04 

18-2 

960 

46*3 

11*92 

28*1 


(8) The Direct Measurement op the Acoustical^ 
Electrical Efficiency of a Standard Double- 
Pole Telephone. 



400 800 1200 

Frequency, f 
Fig. 21. 


We have seen that in a spherical wave 


Before the efficiency of the telephone could be deter¬ 
mined by the sound-pressure explorer, the shape of 
the wave-front of the sound proceeding from the tele¬ 
phone had to be determined. 

To simplify as far as possible the contour of the 
wave-front, a flange was fitted to the telephone and the 
diaphragm placed 1 • 1 cm from the plane of the flange, 
as shown in Fig. 22. The telephone was mounted with 


j<---13*6 cm— 

j ! U-4‘4cm-H 


0-7cm ^ 


DiaphragmiK— 5»2 cm -'^\ 0*7cm 
k— 5'7cm—k 
Fig. 22 .—^Telephone flange. 


-I 

0-4 cm 


and p (R.M.S.) = 

The average of col. 6 is 24*6, and this is the value of 
A pr 

47rV2 ojp 

And since re — 7*04 from col. 4, we have 

A (Op 
^ 4n-v/2 7-04 

, 694 X 27r X 0'0012 
—• 

= 18-2e 

for the calibration of the pressure explorer at this fre¬ 
quency. Writing p « Be, the values of B found in this 
way at frequencies of 439, 690, 694 and 960 are entered 
in Table 8 and shown graphically in Fig. 21. 

Thesd' values are used in the efhciency determination 
described later. . .. 


the plane of the flange vertical, on a piece of apparatus 
capable of rotating 180® about the centre of the mouth 
of the flange. The search tube ** e** of the sound 
explorer was placed in front of the telephone, in the 
horizontal plane passing through the centre of the tele¬ 
phone diaphragm and at a convenient radius from the 
centre of the flange mouth. The semicircular hori¬ 
zontal arc about the flange mouth' could thus be explored 
by rotating the telephone, the search tube remaining 
fixed, and its exact position read ofl on a scale graduated 
in degrees. It was found that the angle which the search 
tube made with the wave-front did not affect the reading. 
The current in the receiver was always kept below that 
value at which the second harmonic in the sound wave, 
as tested by means of a Helmholtz resonator, became 
appreciable. 

Table 9 shows the results of pressure explorations 
with the above apparatus. With a radius greater than 
4 cm for any frequency above 400 the pressure is uniform 
along , the 180® arc, indicating that the wave-front has 
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at this radius become spherical. The higher the 
frequency the more quickly does the wave-front become 
spherical. In the determination of the sound-energy 
output, one measurement only need be made with the 
pressure explorer, for the flanged telephone may be con¬ 
sidered to be a point source sending out hemispherical 
waves the centre of which lies at the mouth of the flange. 

Table 9. 

Sound-'Pressuye Explorations around Telephone, 
Frequency 439 cyolesjsec. 


Position of 
explorer along 
180® arc 

1 Explorer response at radius of 

- 1 

< 

2*4 cm 

3‘2 cm 

4*0 cm 

6*0 cm 

degrees 

volt 

volt 

volt 

volt 

10 

101 

0-720 

0*460 

0-308 " 

25 

0-95 

0*711 

0-460 

0-308 

40 

0-90 

0-705 

0-460 

0*308 

55 

0-86 

0-695 

0-460 

0-308 

70 

0-83 

0-690 

0-460 

0-308 

85 

0-800 

0-682 

0-460 

0-308 

90 

0-79 

0-680 

0-460 

0*308 

95 

0-80 

0-682 

0-460 

0-308 ^ 

no 

0*83 

0-690 

0;460 

0-308 

'%125 

0-86 

0-694 

0-460 

0-308 

140 

0*90 

0-705 

0-460 

0-308 

155 . 

0-95 

0-711 

0*460 

0*308 

170 

1-01 

0-719 

0-460 

0-308 


The results of the efi&ciency tests may be divided into 
two parts : (A) in which the Rayleigh disc was used to 
measure the sound energy, and (B) in which the pres¬ 
sure explorer was used. All the results are collected 
in Table 10. Method (A) was used for the frequencies 
near resonance, i.e. for 790, 840 and 885, while (B) 
was used where the sound intensities were much smaller, 
at frequencies of 439, 590, 694 and 960. Col. 1 gives 
the frequency and col. 2 the distance of the sound- 
measuring device from the flange of the receiver, i.e. 
from the apparent point source as indicated in Table 9. 
In col. 3 is entered the sound velocity V as measured 
le Rayleigh disc in the (A) series, and the voltage e 
e •oressure explorer in the (B) series. In cols. 4, 5 


In col. 8 is entered the electrical power input 


The power may therefore be obtained, since the value 
of the source A will be known from the pressure deter- 
xnination. The electrical power absorbed by the 
telephone was determined with the aid of .the valve 
voltmeter previously described and a Duddell thermo¬ 
ammeter, The power factor was determined by the 
three-voltmeter method.* This method of measuring 


Telephone 

-O -r-VWWV'-T 

Resistance 


A.C. 

power 






1 




p = ^{Vt -Vl- vl) 


Btant JS nrom laoje o. 

The velocity at any point of a spherical wave is 

_ ♦ _ % _ 


AC 1 cu 

473*1 C 

and the pressure by 


sin o) 




p = - 


• sm 


— 0 (see Section 6) 




o 

(1 


0) * 
u 

^x:l 


Valve 
voltmeter 

Fig, 23. 

small powers is very liable to error unless the readings 
are very accurately taken with no absorption of power 
by the measuring instruments. The valve voltmeter 
was therefore given a sufficiently negative grid potential 
and a high anode voltage, so that no grid current was 
taken for voltages up to 6 *6. 

* A valve voltmeter was used with the switdiiag arrangement shown in 
Fig. 28. 




EffU 







/ 

\ 




Veloci 

ty-yL 





/ 

_ c 

'X 

A. 





1- 



3-0 




o 

O 

1-01 
'< 


Fig. 24. 

and the instantaneous flux of energy across each square 
centimetre of the sphere is given by the product of these 
two, and the average flux by the mean of the product 

1 A^p 1 o)^ 

2 * 16n« ' r® * c , 

The total flux of energy over the hemisphesre is therefore 
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this quantity multiplied by the area of the hemisphere, 
and is 

TP - 

167rc 

and ^ this is the sound energy output of the telephone 
receiver, given in ergs/sec. if C.G.S. units are employed 
throughout. 

In the (A) series of results where we measure the 
K.M.S. sound velocity F, we have for the determination 
of A the expression 

F = —■■ 

47rV2VW2 ^rV 
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and hence W --ergs/sec. 

pn 

B is detained from Table 8 and the calculated 
value of TF is entered in col. 10. 

In col. 11 is entered the overall acoustical-electrical 
efficiency, given as TF/(P x 10’) x 100 per cent (P in 
watts is multiplied by 10’ to bring it to ergs/sec.) i.e. 

— X 10-® per cent. 

These values of the efficiency are plotted in Fig. 24 
against the frequency, and there is also plotted for 


Table 10. 


1 


2 


8 


4 6 6 




(A) 


(B) 


• / r 


r 


Vi 




V 3 



cm 

3-6 

3*6 

3*6 


439 

590 

694 

960 


4-28 

4*28 

4*28 

4*28 


cm/sec. 

1-44 

1-46 

1*42 

6 volts 

0-210 

0-216 

0-652 

0-352 


volts 

1- 98 
1*94 

2 - 02 

6*42 

1*94 

2*06 

1-80 


volts 

2-41 

2-20 

2-66 


volts 

4*09 

3*93 

4*40 


2*85 

1*67 

1*96 

1*443 


9*25 

3*28 

3*76 

3*045 





ohms 

200 

200 

200 

200 

200 

200 

237 


p 

n 

W 

Efficiency 

watts 

0-0172 

_ 

ergs/sec. 

1 360 

per cent 

0*79 

0-0176 

— 

1 640 

0*936 

0-0237 

— 

1 830 

0*772 

0-0916 

28*6 

100 

0*011 

0-0108 

23*6 

72-6 

0*067 

0-0162 

18*2 

396 

0*26 

0-00988 

28*1 

276 

0*278 


Hence 




27rufip F^ 

o ’ T\ 0)2 1 \ 


ergs/sec. 


and this value is entered in col. 10, taking p 
g/cm\and c =3 34 000 cm/sec. 

^ In the (B) series we have 


{(•0012 


V 


Be = 

i:7rr^/2 


comparison the resonance curve of the receiver dia¬ 
phragm, which has a decay factor of 126. 

The value of the efficiency at resonance—about 1 per 
cent is just aCbout what is generally accepted to be the 
figure for a standard receiver, but as far as the authors 
are aw^are no direct measurement has previously been 
made. 

The whole of the experimental work was carried out in 
the Tele^aphy and Telephony Laboratories, at the City 
and Guilds (Engineering) College, South Kensington, 
where the authors have had the privHege of discussing 
their results with Prof. C. L. Fortescue, O.B.E. 
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WORLD-WIDE RADIO TELEGRAPHY. 

By Professor G. W. O. Howe, D.Sc,, Member. 

(Abstract of Faraday Lecture delivered before the North-Eastern Centre Vlih December, 1924; also before the North- 
Western Centre ^th January, before the North Midland Centre %lth January, before the South Midland Centre 
28/A January, and before the Scottish Centre Vlth February, 1925.) 


I wish in the first place to take you back in imagina¬ 
tion a hundred years and trace the evolution of the 
conception of electromagnetic waves, their experimental 
realization, and their ultimate application to world-wide 
radio telegraphy and telephony. 

At the beginning of last century three apparently 
independent phenomena were known to scientists, viz. 
the attraction and repulsion between magnet poles, the 
attraction and repulsion between electric charges, and 
the production of an electric current by means of a 
voltaic cell. It is only just over a hundred years ago 
that Oersted discovered the connection between the 
magnetic and the electric effects. It was Faraday who, 
seeking a physical explanation rather than a mathe¬ 
matical expression of the forces, investigated the pheno¬ 
mena in the medium and formulated his conceptions 
of thfe magnetic and electric fields witli their lines or 
tubes of force. It was in the sixties that James Clerk 
Maxwell conceived and developed his electromagnetic 
theory, one of the greatest achievements of the human 
intellect. By analogy from the propagation of pulses 
or waves through a material medium, depending on its 
density and elasticity, he predicted that electromagnetic 
waves should travel through space at a speed depending 
on its magnetic and electric properties, and calculation 
gave this speed as 300 000 km per second, which was 
exactly the speed at which experiment had shown light 
to travel. The obvious inference that light is an electro¬ 
magnetic phenomenon has been amply corroborated. 

It was in 1888 that Hertz succeeded in producing 
electromagnetic waves in space by purely electrical 
methods, but it was not until 1895, 18 months after 
the untimely death of Hertz, that Marconi commenced 
his experiments with the definite object of using the 
Hertzian waves for the purpose of telegraphy, and it is 
largely due to his prophetic foresight, courage and 
perseverance that we owe the rapid development of 
radio telegraphy in those early days. By 1899 he had 
established communication across the English Channel, 
using single masts 150 ft. high. The transmitters con¬ 
sisted of Ruhmkorfif coils and Leyden jars, the receivers 
of coherers and morse inkers. Thus encouraged, 
Marconi decided to attempt communication across the 
Atlantic and made preliminary tests in 1901 with a 
power of about 10 kW. The report that signals had 
been heard over such a distance was received with some 
incredulity, which was not surprising in view of the 
improbability of such an achievement. The waves were 
known to be of the same character as light, to travel 
in straight lines and to be unable to penetrate far into 
the earth. Why then should they bend round the 
curvature of tlie earth and arrive in America,, which is 


separated from Cornwall by a mountain of sea water 
200 miles high ? Mathematical investigation has shown 
that these doubts were well founded—or ratlier, would 
have been well founded had it not been for some 
mysterious agenc}'^, up to that time unsuspected, which 
introduced a new factor into the problem. Signals 
were undoubtedly received and this led to the completion 
of the stations at Poldhu and Cape Cod, Cl if den and 
Glace Bay, and thus to the inauguration of a trans¬ 
oceanic wireless service. 

Although it is now over 20 years since the discovery 
that the electromagnetic waves employed in radio 
telegraphy bend around the earth, the exact nature of 
the beneficent agency is still a matter of discussion, 
but it is now generally agreed that the cause lies in 
the upper atmosphere being to some extent conducting 
due to the presence of free electrons or ions. This 
suggestion was put forward about the same time by 
Prof. Kennelly of Harvard and by Oliver Heaviside, and 
the postulated layer of conducting rarefied gas is known 
as the Heaviside layer. The idea of reflection at the 
lower surface of such a layer has been generally aban¬ 
doned in favour of the alternative theory that the 
waves are refracted or bent downwards by passing 
tliirough the conducting stratum. There are many 
peculiarities in the transmission of wireless signals 
which compel us to look to the upper atmosphere for 
an explanation, and it is interesting to note •^at 
meteorologists have made somewhat similar assumptions 
as to the conductivity of the upper atmosphere to 
explain the causes of the diurnal variation of the earth’s 
magnetism. 

To send out waves, it is necessary to produce in the 
vertical wire of the transmitting aerial an alternating 
current of very high frequency, and in order that a^ 
large current may flow it is necessary to provide at 
the top a large electrical reservoir or capacity into 
which the current can flow. This takes the form of a 
network of wires spread out horizontally. In large 
stations this may cover a square mile or more, and the 
masts or towers required to support it are one of the 
most costly items of the installations. The waves are 
produced by the rapid starting and stopping of the 
current in the vertical wire; a very close analogy is 
the kink transmitted along a stretched cord when the 
end is suddenly jerked up or down. 

The various ways of producing the high-frequency 
current in the aerial may be divided into those such as 
the spark, arc, and thermionic valve in which the 
frequency of the oscillations is determined by the 
inductances and capacities of circuits, and tnose in 
which the frequency is fixed by the speed of an alternator. 
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All the early development was carried out by means 
of the spark syste^m, but this method is now obsolete 
for long-distance transmission. The spark merely acted 
as an automatic switch which, when the voltage across 
the condenser had reached a given value, closed a 
circuit by which the condenser discharged through an 
inductive coil. The use of the spark in all the early 
wireless transmitters led to the idea that it was in 
some way the source of the radiated electromagnetic 
waves, whereas it was really a very unimportant detail. 
The fallacy was given the appearance of official sanction 
in Germany by the adoption of the name Telefunken 
(Funke = spark) by the leading company; it is being 
perpetuated by calling the broadcasting service ** Rund- 
funkdienst," a peculiarly misleading designation. 

The first competitor with the spark in long-distance 
communication was the arc converter originally dis¬ 
covered by Duddell but modified and made applicable 
to radio telegraphy by Poulsen. This method is still 
employed in a number of high-power stations. 

The most modem method of producing the requisite 
high-frequency current is by means of the tliree-electrode 
thermionic valve. In principle this is very similar to 
the arc method, both devices converting a direct-current 
supply into an alternating current in an oscillai:ory 
circuit. Whereas arcs can be constructed to give an 
output of 1 000 kW, thermionic valves cannot con¬ 
veniently be constructed to give more than about 
20 kW, and large radiated power is obtained by employ¬ 
ing a number of valves in parallel. 

The other class of generator is in principle the same 
as those alternating-current generators in the local 
power station, in which a magnet wheel is rotated and 
induces in the stationary winding a current of a fre¬ 
quency determined entirely by the speed of rotation 
and the number of poles in the machine. Many of the 
largest wireless stations in the world now employ this 
method, which must always appeal to the electrical 
engineer as the ideal method of producing alternating 
currents. The difficulties of design, however, increase 
rapidly with the frequency, and alternators can only 
be constructed on a large scale for frequencies up to 
about 20 000 cycles per second (A = 16 km). At 
frequencies of 600 000 to 1 000 000 such as are used 
for ordinary marine work and broadcasting, to say 
nothing of ihe frequencies of several millions now being 
used in the latest short-wave systems, the engineering 


problems in the design of an efficient a.c. generator 
become almost insuperable. 

The German Telefunken Company favour a method 
in which the alternator delivers the current at a quarter 
of the requisite frequency to special transformers which 
are made diss 3 Tnmetrical in their operation by means 
of a direct-current excitation and which consequently 
give a secondary current having double the primary 
frequency. By repeating the process the original 
frequency is quadrupled. This method has the very 
great advantage of lowering the alternator frequency 
from about 20 000 to about 6 000 cycles per second: 

Reception can be carried out by means of a vertical 
non-directive aerial, a directive coil aerial, or a long 
horizontal wire which is also directive in its action. 

In all cases the high-frequency oscillations must be 
rectified, i.e. made more or less unidirectional, in order 
that they may influence the telephone diaphragm or 
galvanometer. This is the function of the detector. 
In all except spark stations and a few special cases, 
the waves sent out by a telegraph transmitter are 
continuous so long as the key is held down. Such 
oscillations, even although rectified, would still be 
inaudible unless made intermittent in their action on 
the telephone. This intermittency is generally produced 
by the interference set up in the receiving circuits 
between the received oscillations and other oscillations 
of nearly the same frequency set up by a local oscillator. 
By altering the frequency of this local oscillator, the 
rapidity of the " beats between it and tlie received 
oscillations can be adjusted, and the receiving operator can 
thus adjust the pitch of the note heard in the telephone. 
This is the so-called heterodyne method of reception. 

In modem commercial long-distance radio communi¬ 
cation, the transmitting and receiving stations are 
placed several miles apart, so that the latter can receive 
from the distant station while the transmitting station 
is working, mthout undue interference. They art? 
both controlled and operated from a central oflico in 
the.city by means of ordinary telegraph lines. 

In conclusion, reference may be made to the so-called 
beam systems in which either by reflectors of b}'’ .suitably 
arranged transmitting aerials the radiated energy is 
sent out in the desired direction, thus greatly increasing 
the efficiency of the transmission. 

[The lecture was illustrated by a large number of 
lantern slides.] 
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Specimens of Mica. 

A collection of 90 specimens of mica will be on view 
in the Institution Library for the next few months. 
A table is also available showing the classification of 
the specimens and giving their composition, character¬ 
istics, descriptions and trade names. 

National Certificates and Diplomas in Electrical 
Engineering. 

The following Institute has been approved under 
the scheme drawn up by the Board of Education and 
the Institution:— 

Approved for Higher Grade Certificates [Advanced 
Part-time Course). 

Woolwich Polytechnic Institute. 

Electrical Appointments Board. 

The Board desires to remind members who have 
applied for registration that the period for the retention 
of ijames on the Register is three months from the date 
of application. If after this period members are still 
without positions, they should notify the Secretary of 
the Board who will extend the registration period for 
a further three months. 

Failure to comply with this regulation will be regarded 
as an indication that members desire tlieir names to be 
struck off the Register. 

Informal Meetings. 

The following Informal Meetings have been held ;— 

65th Informal Meeting (9th February, 1926). 
Chairman : Mr. A. G. Hilling. 

Subject of Discmsion : Broadcasting (introduced 
by Capt. P. P. Eckersley). 

Speakers: Messrs. C. F. Phillips, J. Coxon, P. Voigt, 
H. H. Dyer, E. S. Ritter, A. T. Smee, — Mulholland, 
H. E. Morrish and E. G, Bedford. 

6Gth Informal Meeting (23rd February, 1926). 
Chairman : Mr. H. T. Young. 

Subject of Discussion : ** The Electric Journals; Past, 
.Present and Future ** (introduced by Mr. W. E. Warri- 
low). 

, Speakers.: Messrs. J. W. Beauchamp, J, F. Shipley, 
W. Day, E, Kilburn Scott, A. H. Allen, E. S. Ritter, 
J. Coxon, M. Whitgift, J. R. Bedford, F. H. Masters, 
W. L. RandeU, ,E. A. Gatehouse, W. A. Moore and H. T. 
Young, 

67th Informal Meeting (9th March, 1926). 
Chairma^n : Mr. W. E. Warrilow. 

Subject of Discussion : ** Illumination ** (introduced 
by Mr. C. W. Sully). 

Speakers : Messrs, J. R. Bedford, A. B. Mann, R. J. 
Hines, W. E. Rogers, J. Coxon, W. A. Erlebach, A. G. 
Hilling, P. Dunsheath, O.B.E., F. Peake S^ton, A. F. 
jHarmer, A. Collins, M. Whitgift and W. E. Warrilow. 


68th Informal Meeting (23rd March, 1926). 
Chairman: Mr. L. J. Gooch. 

Subject of Discussion : ** Panel Heating ** (introduced 
by Mr. R. Grierson). 

Speakers : Messrs. H, T. Young, H. H. Perry, P. 
Dunsheath, O.B.E., J. Coxon, R. J. Hines, J. R. Bedford, 
L. M. Jockel, W. A. Ritchie, A. E. Falkus, W. E. Spiers, 
N. Prentice, C. T. Walrond, W. L. Wreford, F. Pooley, 
V. Cornelius, F. Tremain, P. S. Davies, D. A. B. Part¬ 
ridge and L. J. Gooch. 

69th Informal Meeting (6th April, .1926). 
Chairman : Lt.-Col. K. Edgcumbe. 

Subject of Discussion: Insulation Problems in 

High-voltage Engineering ** (introduced by Mr. A. 
Collins). 

Speakers: Col. K. S. Maxwell, Messrs. Duncan, 
H. C. Silver, P. Dunsheath, O.B.E., J. F. Shipley, S. 
Messent, H. F. Quinton, A. Berkeley, W. A. Erlebach, 
R. T. Fleming, E. S. Ritter and Col. K. Edgcumbe. 

70th Informal Meeting (20th April, 1926). 
Chairman : Mr. W. E. Warrilow. 

Subject of Discussion : ** Latter-day Wireless *' (intro¬ 
duced by Mr. M. Hart). 

Speakers: Messrs. A. F. Harmer, H. E. Morrish, 
P. W. Willans, T. McGrath, H. Brown, J. Coxon, E. W. 
Moss, W. Day, A. E. Lee, E. W. Braendle, W. A. 
Erlebach, A. G. HilHng, H. H. Easter and W. E. 
Warrilow. 

The Beneivolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions received during the period 26 March—26 


April, 1926 :-r- 

£ s. d. 

Allen, G. W. (Liverpool) . 6 0 

Banner, E. H. W. (Wembley) .. .. 5 0 

Barton, T. (Wigan) .. -. 2 6 

Ba 3 mham, H. P. (Carlisle) .. .. .. 6 0 

Berindei, M. (London) .. .. « 10 0 

Bowden, J. R. J. (London). 5 0 

Brierly, R. F. H. (Newcastle-on-Tyne) .. 3 6 

Brooks, R. (Ashton-on-Mersey) .. .. 6 0 

Brown, J. (Edinburgh) . 6 0. 

Burbridge, P. G. H. (Twickenham) .. .. 6 0 

Burgess, P. J. (Birmingham). 6 0 

Burgum, W. T. (Brazil) ... .. ..100 

Bust, F. H. (Lynn, Mass.).10 0 

Carpenter, G. W. (Scarborough) .. .. 6 0 

Cartwright, C. I^. (Madras) .. .. ... 1 0 0 

Clarke, A. E. (Manchester).11 0 

Craig, J. L. W. (Battlesbridge) . 6 0 

Cramer, D. H. (London) . 6 0 

Crowther, L. H. (Sheffield) 60 
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ELECTRICITY IN MINES 


By Major E. Ivor David, Member. 


m(dland Centre llth March, before the East Midland Sub-Centre Uih March, before the Mersey and North 
Wales (Liverpool) Centre ‘Idih April, and before the Western Centre \2ih June, 


Summary. 

The mining industiy is one of the largest producers and 
users of electric power in tliis country. It is generally 
assumed that the methods of production and utilization are 
not as economical as they might be. The following notes of 
some efforts to achieve efficiency and increase reliability, 
together with results of tests made with this end in view, 
may be of general interest. .... 

For the purpose of reference the paper is divided into 

three parts:— 

Part 1 deals with the general problem of power production 
at mines, giving briefly the essential differences between a 
colliery power plant and a normal power plant. 

‘ Part 2 deals with the modem methods of supplying the 
four main power-consuming units at mines, with particular 
reference in each case to the question of the utilization of 
synchronous motors, and also discusses the advantages and 
disadvantages of alternating-current and Ward-Leonard control 
for electric winders. 

Pwrt 3 gives the results of progressive conversion of several 
mines from steam to electric drive for the various, main 
units and also the effect of supplying, compr^sed-air power 
from a central station in a siniilar way to electric power. 


Part 1. 

Dealing first with the generation of power, it is of 
interest to note that the first high-pressure high-tempera¬ 
ture station of moderate size in this .country, and possibly 
in the world, to operate continuously was installed 
in connection with a group of collieries. 

A colliery power station should be capable of dealing 
with all classes of fuel which .from time to time are 


engines have higher thermodynamic efficiency but 
higher maintenance cost, poor flexibility and reliability. 
These have all to be weighed against their one advantage. 
Compared with modern high-efficiency turbine plants 
the margin of thermodynamic efficiency in their favour 
is small, and in most cases it is a better commercial 
proposition to burn the gas under boilers. 

Table 1 gives a comparison of the cost per electrical 
unit for the two methods of utilization. The gas-engine 
units are of the 1 600-kW low-speed 4-cylinder type, and 
the steam plant is a 350 Ib./sq. in., 700“ F. installation, 
the gas being used to supplement coal-firing in 35 000-lb., 
boiler units. The test efficiency when coal-fired was 
87 per cent, and the daily efficiency 80 to 82 per cent, so 
that an efficiency of 86 per cent for gas-firing is reasonable. 

The gas-engine figures are based on an output of 
16 million units per annum. The new gas engines are 
fitted with waste-heat recuperator boilers. The gas- 
and coal-fired steam stations are based on an output of 
150 million units per annum. 

The disposal of coke breeze and coke ashes has also, 
to be provided for. A system of blanketing with 
Tnpflin ui volatile coal has proved a satisfactory method 
of burning tliem. Low-grade fuels should be w^hed 
if the ash content exceeds 10 per cent, but a minimum 
of 5 to 6 per ceut ash is quite low enough. 

The high capital cost of extra-high-pressure and extra- 
liigh-temperature steam, combined with the attendant 
fuel-saving devices such as evaporators, feed-water 
heaters fed with bled steam, air-heaters, etc., hardly 
seems*' justified with cheap fuel delivered direct to the 


Table 1. 


{^ohC’^Ovefi 'Ga$ XJ^iMzatiofi from 150 Ovens. 



Old gas engiues 

New gas exigines 

GaS'fired boilers 

Coal'fired boilers 

Wages. 

Fuel 

Stores and other charges . 

^.epairs and renewals not included in stores-. 

Capital charges .. .. • • • • • * • • : 

Expressed as percentage of coal-fired station 

Station thermodynamic efficiency, per cent .. 

16-25 

41-8 

23-0 

16-1 

21-8 

12*95 • 

34*4 

21-.8 

7-.8 

31*2 

8-78 

41*3 

10*1 

3*74 

31*2 

8-78 

4*8-18 
10*1 
3*74 
31*2 

117-96 

19-06 

108-16 

24-0 

96-12 

.19-36 

100-0 

16-36 


* All srabies axe expressed as perceiatages 

not marketable. These will mostly be the lower grades, 
^nd the boiler plant should therefore have ample grate 
area and draught oapadty and proper fumaoe constme- 
tion for the economical combustion of these .fuels, Tlie 
•utilization of coke-oven gas is a .diffieuit problan. G&s 


the coat pea: unit ia .the coalrfixed statton. 

boilers free of railway charges, but in some collierira 
where aU fuel raised has a fairly high value, high 
capital expenditure may be justified. 

Boiler efficiencies of 70 to 7S per cent can^e main¬ 
tained with fuel of high calorific value, .even in small 


I.E^E. Journal, Vol. 63, No. 342, June 1926. 
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colliery boiler plants, but efficiencies of this order 
require constant high-class technical supervision, which 
can better be concentrated in large central stations. 
Where fuels are available which cannot be burned on 
any ordinary stokers, pulverizing is a feasible proposition. 

Water for both boiler feed and condensing purposes 
is one of the great difficulties at most collieries, and at 
high-pressure stations evaporators are a necessity. 

The other problems such as size of generating units, 
reactance (self-contained or external) of transmission, 
and substation equipment, etc., are common to all 
power schemes and have been fully dealt with in recent 
papers. Switchgear hsis to be particularly robust 
and must also not be susceptible to the effect of dust and 
damp. Compound-filled gear seems to meet most 
requirements. 

Power factor correction has become a pressing need 
in large power installations. Overhead transmission 
lines with their comparatively high reactance, high- 
reactance transformers and, in many cases, busbar 
and feeder reactances necessary for protection of gene¬ 
rating plant and switchgear, have lowered the already 
bad colliery power factor, resulting in reduced outputs 
from generating plant and in high voltage-drop in 
transmission lines, transformers and reactances. Phase- 
advancers, synchronous and static condensers have all 
been tried, but the best results have been obtained from 
synchronous motors driving the larger units. 

Salient-pole and cylindrical-rotor types of motors 
each have their advantages, which have been fully 
discussed in recent papers before the Institution.* 
The present author gave comparative figures of various 
drives in the discussions on these papers and, in the 
discussion on Kapp's paper, an example of the use of 
a static condenser, with the results obtained therefrom 
and suggestions as to where this apparatus is applicable. 


Part 2. 

The four most important loads to be dealt with at 
modern collieries are pumping, ventilation, air conjpress- 
ing and winding. The units consumed per ton of 
coal raised for a modern colliery raising 2 000 tons of 
coal per day from a depth of 600-700 yards and using 
compressed air for cutting, conveying, inbye haulages 
and pumps are given in Table 2. 


Table 2. 


Winder ., 



Units per ton 

4 

Fan 



.. 3 

Compressed air ., 
General pit .use . • 

•• 


.. 20 

.. 

.. 

Pumping .. 

•• 


Total 



.. 32 


These figures apply specifically to South Wales 
conditions with highly developed compressed-air utiliza¬ 
tion, and very difierent figures will be obtained from 
other districts. 


Pumping,— efficiency and reliability of modern 
multi-stage tmrbine pumps, combined with their compact 

Synchronous Motors,*' 
Kapp : Improvement of Power 


size, make them particularly suitable for use in mines. 
Up to 160 h.p., squirrel-cage motors are quite satis¬ 
factory, particularly those with the Boucherot type of 
rotor winding which may be switched directly on to 
the line. Auto-transformers for starting are unsatis¬ 
factory and slip-ring motors are preferable above 
160 h.p. High power factor and efficiency are obtain¬ 
able with 4-pole or 2-pole machines of all sizes, and only 
in exceptional circumstances need synchronous-type 
induction motors be considered for pump drives. 

Fans.—VeTima.iing fans provide an almost uniform 
load and are particularly suited for power factor cor¬ 
rection. The starting torque required is moderate, 
but, as it is usual to start fans under load in this country, 
the synchronizing torque required is high. Salient- 
pole motors cannot give the required torque, and cylin- 
dric^-type rotors are used. Experiments have been 
carried out in the United States with salient-pole 
machines using a friction clutch drive and also reducing 
the starting effort by closing the fan discharge.* 

Owing to the moderate speed of mine-ventilating fans 
it is usual to drive through some type of reduction gear. 
In the early stages of the development of a mine the 
quantity of ven^ating air is low. the requirements 
gradually increasing in both volume and pressure as 
roads lengthen and workings extend. It is sometimes 
requned to reduce the volume and pressure during non¬ 
working days. Vanable-speed motors were la»rgely 
used in the early days, but these hardly justified their 
extra cost and lower efficiency, particularly on low loads. 
ProgreMive increases in speed can be arranged in the 
reduction gear, where .this is of the spur and pinion 
type, by changing the gear wheels. Recently the author 
introduced the old jockey-pulley drive with modern 
improvements and this has proved a most efficient 
and flexible method of speed reduction. To change 
the fan speed, all that is necessary is to change the 
motor pulley. Owing to the flat efficiency curve of the 
S3mchronous motor at unity power factor, the light¬ 
load efficiency is high. A comparison of the efficiencies- 
of a cascade motor and of a synchronous motor is 
given in Fig. 1. 

In addition to the very much higher efficiency at 
all loads—an important factor in a machine which runs 
for 8 760 hours per annum—power factor correction 
can be obtained up to 0-80 leading at full load, and 
to a still greater extent at lower loads. Further, the 
initial cost of the vanable-speed motor and starting 
gear is 10-16 per cent higher than that of the syn¬ 
chronous motor. Reduction of ventilation dmring 
week-ends or stop-days is a questionable economy. 
Mining engineers usually prefer to maintain full volume 
of air to clean out the workings and dilute gas. Atone 
colliery under the author’s notice, where a variable- 
speed d.c. motor-driven fan is installed, the speed has 
not been varied for three years. Where reduced speed 
and water gauge are clearly required at week-ends or 
stop-da 3 ^, two-speed cascade motors of either the ordi¬ 
nary or S3mchronous type are giving satisfactory results. 

Starting up a 460-kVA synchronous induction-type 
fan motor on Ught load (about 90 kW). excited to a 
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power factor of about 0 • 6 leading, improved the power 
factor of a colliery system from 0-7 to 0*87 or 0*9 
and the voltage at the busbars increased from 3 060 to 

150 volts, with both a.c. winders off. 

The Lenix belt drive has some peculiar properties. 
'Phcre is no measurable slip; in fact the speed ratio 
appears to be proportional to the diameters of the 
pulleys plus the belt thickness, i.e. the diameters to the 
neutral axis of the belt. It is very difficult to give 
accurate figures for the efficiency, but the belt drive 
appears to be equal, if not superior, to a high-dass 
helical gear reduction. 

Another interesting type of synchronous motor for 
fan drives has a salient-pole rotor with extended pole- 
tips having a single-phase winding in semi-enclosed 
slots. The pole windings are split in halves for starting 
and are connected as a second phase, and a metallic resis¬ 
tance is placed in series with these two windings. The 
motor starts and has a torque characteristic similar 



pressor which is favoured in this country for electric drive 
was until 1918 thought to be unsuHed for direct coupling 
to salient-pole synchronous motors, and the wound type 
of rotor with its higher starting torque was considered 
necessary. Owing to unsatisfactory experiences with 
this type, the author carried out a series of starting 
experiments with a large d.c. motor-driven compressor 
of the horizontal cross-compound type and also with 
an induction-motor-driven high-speed vertical type, 
both fitted with unloading devices on the high- and 
low-pressure cylinders. The cross-compound type took 
25 to 30 per cent of full-load torque to start, and the, 
vertical t 5 q>e about the same. In the meantime a 
salient-pole synchronous motor had been installed in a 


D.C. windings v Motor 
In parallel for starfN 
In series for run 

St! 


Me-face wmdingSs 
Sliort-circuited for run 





Toswitcliiz 
case *- 


Exciter 
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Fig, 2.—Connections of S.G.E. salient-pole, high-starting- 
torque synchronous motor. 


to that of an ordinary slip-ring machine. The pole- 
face winding is short-circuited when up to speed and 
forms an amortisseur. The salient-pole winding is 
excited in the usual way. Fig. 2 shows the connections. 
The advantages of this machine over an induction-t 3 qpe 
synchronous motor are (1) higher efficiency and (2) normal 
voltage excitation. 

Compressed air .—In the gassy seams of the South 
Wales steam-coal measures there is strong opposition to 
the use of electricity, whilst every effort is being made 
to overcome this prejudice and to produce electrical 
machines which can claim to be absolutely safe under all 
conditions of operation. In the meantime the mining 
engineer's demand for compressed air as an operating 
medium at the working face has to be met, and the 
low efficiency of machines utilizing compressed air is 
neutralized as far as possible by higher efficiency in 
production and distribution. 

Compressors .—The high-speed verti 9 al two-stage com¬ 


Lancashire colliery to drive a Walker vertical compressor 
through a friction clutch. It was soon found that the 
clutch was unnecessary, and two sahent-pole motors 
of 1126 h.p. at 214 r.p.m. were installed driving vertical 
two-stage compressors having an output of 6 600 
cubic ft. per min. compressed to 76 Ib./sq. in. Starting 
curves of one of these are given in Fig. 3. Slightly 
more than full-load current is taken at the start and 
when changing over from tap to full voltage. This is 
momentary and is carried by the system with a hardly 
appreciable voltage-drop. Owing to the large air-gap 
used in this type of motor it was found possible to dis¬ 
pense with the bearing between the compressor flywheel 
and the rotor, thus reducing the length of the set by 4 ft. 
compared with a synchronous induction-motor of siimlar 
horse-power. The efficiency of these motors at full load 
and unity power factorTs 96*7 per cent, a remarkable 
figure for motors of this size and speed. The coiyespond- 
ing figure for a synchronous induction motor is 93 • 2 per 
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cent, a difference of 2 ♦ 5 per cent in favour of the salient- 
pole machine. 

A comparison between the efficiency of this type of 
compressor equipment and a large steam-turbine com¬ 
pressor is of interest. These figures are based upon 
tests made on a Beilis compressor of 6 600 cubic ft. per 
min. capacity at 76 Ib./sq. in. installed at Penallta 
colliery and were published in Engineering (1921, 
vol, 112, p. 536), but are now corrected for the later 
type higher-efficiency motor. 

Motor compressor — 

Actual volume of air compressed (W) 

6 396 cubic ft,/min. (476 Ib./min.) 
Speed .. .. .. .. .. 163 r.p.m. 

Ratioof compression (89*61/14-57) .. .. 6*17 

Isothermal h.p. of compression— 

WRTq log P 3 /P 2 475 X 53 • 3 X 628 X 1 • 818 _ 

-33W^--STOOO-=737h.p. 

where = mean atmospheric temperature (abs.) at 
compressor intake, 

Pg = mean atmospheric pressure, 

P 3 = mean pressure of air leaving orifice. 

Indicated h.p. from diagram . 993 

Electrical input at 96*7 per cent efficiency 

1 110 h.p. (830 kW) 

Brake h.p. output of motor .1 061 

Isothermal efficiency of compressor, per cent 

737/1 061 = 69*6 

Isothermal efficiency of compressor and motor, per 
cent . 737/1 110 = 66*4 


back to the power station. To supply 1110 h.p 
(830 kW), assuming an alternator efficiency of 95 per 
cent, requires 872 kW at the turbine coupling. The 
direct-coupled turbine driving the turbo-compressor 
has the same steam consumption and for 1 038 h.p. 
(776 kW) takes 11*2 per cent less steam tlian the elec¬ 
trically driven unit. The latter has one compensating 
advantage, i.e. the light-load losses are much lower 
than those of the turbo-compressor, in tlie above cases 
being only 65 kW with zero output. Of this, 6 kW 
represents work done in compressing the air, 29 kW the 
mechanical losses in the compressor (tlie inlet, valve 
being closed and the high-pressure cylinder unloaded), 
and 30 kW the core losses, excitation, copper losses and 
friction and windage of the motor. Where the load 
varies considerably, as in a single colliery, this is an 
advantage, but when a group of collieries can be supplied 
from a central station the load is found to be very 
uniform owing to the diversity factor of tlie various 
compressed-air-consuming machines and the receiver 
effect of large mains. Typical load curves for a colliery 
compressed-air plant and an electrical plant are given in 
Fig. 4. Their resemblance is remarkable. 

Experience with the synchronous-motor-driven com¬ 
pressors has been satisfactory, but the starting gear 
has given some trouble. A number of failures occurred 
in the auto-transformers. All these showed signs of 
abnormal mechanical stresses, clampings being strji^ined 
and coils crushed. Excessive burning of the switch 
contacts also occurred. It was found that the arc 
drawn out on the starting-switch contacts was maintained 
for a length of time sufficient to cause a short-circuit 


Mfitox svatclvtS. ou 

diange-over svfitcTx uxmgTitraTisioimEEat 
closed on 3zoovolts izeovolts m 



Fig. 3.—Starting curves of 1126 h.p., 214 r.p.m. synchronous motor. 


Sieam-iurbine-driven, compressor (40 000 cubic ft./min. at 
76 Ib./sq. in.)— 

Isothermal efficiency at 75 Ib./sq. in. and 40 000 

cubic ft./min., per cent . 70 »8 

Equivalent h.p. for 6 396 cubic ft. per min. 

at 76 Ib./sq. in. .. .. .. ..1038 

Compared with, for engine and motor, h.p. ,. 1110 

The losses in transmission for compressed air and elec¬ 
trical power for distances up to 6 miles are nearly equal. 
Ignoring these losses, the comparison can be carried 


in the circuit formed by the transformer coils, the 
switch “ starting'' and ''running" contacts, and the 
connection from the transformier taps to the motor 
(see Fig. 6). The trouble was overcome first by closing 
the transformer neutral later and opening it earlier, 
and secondly by closing the running switch slowly, 
giving ample time for the arc on the starting contacts 
to be quenched. Even smoother starting is obtained 
by the Komdorfer patented method which uses the 
transformer windings as choking coils. The operations 
in this method are:— 
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(1) Switch on transformer with neutral open. 

(2) Close tapping switch (this charges the motor 

through the transformer winding). If the load 
is very light the motor will start. 

(3) Close neutral of transformer. This impresses 

tapping volts on the motor, which starts or 
speeds up. 

(4) Motor up to speed. Open neutral of transformer. 

Motor now draws light-load current through 
the transformer windings so that the choldng 
effect is slight and the motor has nearly full 
voltage on its terminals. 

(6) Close running switch. This short-circuits the 
transformer windings and impresses full voltage 
on the motor terminals. 

(6) Open tapping switch and starting switch. The 
transformer is now out of circuit, and the 
motor is connected to the supply through the 
running switch only and may be S3mcbronized 
by closing the field switch. 



Oscillograph records have been taken of these methods 
of starting, showing the changes of current and voltage. 
The machine runs up to speed quite smoothly and 
synchronizes with ease. The whole operation can be 
carried out by the ordinary unskilled attendant. 

Automatic starting and synchronizing by means of 
a system of contactors appear simple and desirable. 

The control of electrically driven compressors is 
simple. An automatic device controlled by the air 
pressure closes the inlet valve when the pressure exceeds 
a predetermined value, and compression ceases, to 
commence again when the pressure falls by a few pounds 
per sq. in. and the inlet valve opens and admits air to the 
low-pressure cylinder. 

Electric winders ,—^The steam winder has been in use 
for many years and has proved itself reliable and trust¬ 
worthy, but the electric winder is more efficient, easier 
to control and easier to maintain in a'state of efficiency. 


Both are equally reliable when of high class and of 
suitable proportions for their loads. 

The case can therefore be settled on running cost 
so far as the winder is concerned, but the remainder 
of the plant must influence the choice. If the mine is 
deep the winder may take anything up to 60 per cent 
of the total power consumption of the mine. Under 
these conditions the load on the generating plant is 
extremely variable and the average load small compared 
with the peak load. If the plant supplies a single 
mine, then the diversity factor is low; but if the gene¬ 
rating plant supplies a group of mines, then the peaks 
tend to smooth out and a better diversity factor is 
obtained. For single deep mines, therefore, electric 
winding may not be justified, but if the mines can be 
grouped and either their plants interlinked or power 
generated at one or more central power stations, the 
superior economy of the electric winder can be utilized 
to the fullest advantage. 

For shallow mines, particularly where heavy loads 
can be wound at low speeds, the electric winder is 
usually two to three times as efficient as the steam 
winder. Capital charges are slightly higher for electric 
winders and high-pressure generating plant than for 
steam-winders and mixed-pressure plant, but the total 
of running and capital charges is in favour of the electric 
winder. If power is available at reasonable rates 
from a reliable supply company, then capital charges 
will be greatly in favour of electric winding, and the 
running cost should, still be lower than for steam 
winders. 

The chief electrical problem to be solved in a winding 
equipment is the t 5 q)e of control, i.e. whether it shall 
be the Ward-Leonard system or an a.c. motor with 
rheostatic control in the rotor circuit. Secondary 
problems are those of geared or direct-coupled motors, 
cylindrical, conical dr cylindro-conical drums or Koepe 
pulleys. Balance ropes have to be considered in the 
case of cylindrical drums, and are essential with Koepe 
pulleys. Dealing with the main problem, Stjernberg * 
gave ^ a mathematical method of analysing elecixic 
winding problems and reached a conclusion that if 
B—MSI{QT^) exceeded 0-22 Ward-Leonard control 
was preferable, and indispensable if above 0 • 3, 

where M = equivalent mass reduced to rope = weight 
in lb. -r gravity coefficient, 

8 = depth of shaft, in feet, 

Q « useful load plus friction, in lb., 

T net time of wind, in seconds. 

The expression B = M8I{QT^) was based on cylindri¬ 
cal drums, with balance ropes, but is equally applicable 
to cylindro-conical drums, reels, Koepe pulleys or 
cylindrical drums without balance ropes. 

Improvements in the design and manufacture of 
large double-helical gearing and in a.c. motors since 
that date have resulted in a.c. winders being permissible 
for values of B up to 0^26 or even 0*3. In two 
large a.c. winders recently installed the value of 
Bis 0-292. 

♦ Journal 1011, vol. 46, p. 192. 
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Another method of deciding on the electrical equip¬ 
ment is to fix limiting values, first for the ratio of the 
acceleration period to the full-speed period Tj. 
This ratio should not be greater than 0 - 6 for reasonable 
economy for an a.c. motor drive. In addition, the 
acceleration a should not exceed 4 ft./sec./sec., these 
figures being actual values in the case of cylindrical 
drums and average values over the small diameter and 
scroll for cylindro-conical drums. 

If 8 be the total depth in feet, V the maximum velocity 
in ft./sec., and Tf the retardation period, which normally 
equals Tg, we have :— 


5 = V(lTg -h J2V + 2» 

Using the ratio of Tg to T/ given above, and a = r, 
we get:— 

Ta = 2V = IT. where T = Tg + Tf Tf 

S=^SVTg = iVTi V^aTg = 4Tg^T 

(S = f2« 

Tabi:.e 3. 


Time, T 

Depth, S 

Velodty 

Averag^velocity, 

secs. 

16 

ft. 

169 

ft./seo. 

15 

ft./seo. 

11-2 

20 

300 

20 

15 

25 

470 

25 

18*7 

30 

677 

30 

22-5 

36 

1 920 

1 35 

26*2 

40 

1200 

40 

30 

50 

1 875 

50 

37-5 

60 

2 700 

60 

45 


m 

8 being the limiting depth from which winding can be 
economic^ly effected in tlie time T with maximum 
velocity V. 

The a.c. motor being inherently a high-speed 
gearing has been necessary in most cases to transmit 
the drive from the motor to the drum shaft the 
speed of which is seldom higher than 76 r.p m or 
lower than 28 r.p.m. This gearing has in some instances 
been self-contained with its own bearings, but the two 
Ingest a.c. winders in this country at the present time 
have the spur wheel mounted directly on the drum shaft 
(whi^ is carried in three bearings) and the pinion 
TOupled to the motor by a flexible coupling of the 
Bibby t^e. Fig. 6 shows a normal arrangement for 
an a.c. winder. Both the double helical and the herrins- 
bone types of gearing have given satisfactory results for 
some years. Forced lubrication is advisable for the 
larger sizes. ® 

• of the a.c. motor is usually so chosen as to 

give the lowest energy losses during accelerating and 
braking. ^Motors for 260 to 750 h.p. (R.M.S. rating) 
usuaUy run at 376 r.p.m., 760 h.p. to I 600 h.p. ft 


260 r.p.m., and 1 600 h.p. to 2 600 h.p. at 214 r.p.m. 
The gear ratio, and thus the speed of the drum, can be 
vmied within limits by changing the pinion, but the 
shaft has to be moved to suit the varying centres. Any 
large change of tom-speed, therefore, can only be 
obtained by changing both spur and pinion wheels, and 
this is an expensive business. 

The induction motor is normally a constant-speed 
machine, its speed variation with short-circuited rotor 
from no load to full load being only 2 to 6 per cent, but 
by inserting resistance in the rotor circuit this slip may 
be increas^ up to 100 per cent. The speed reduction 
is proportional to the voltage across the rotor slip- 
rinp, whi<^ again is proportional to the torque and 
resista.nce in the rotor circuit. Thus the speed corre¬ 
sponding to any particular rotor resistance is not 
constant, but depends also on the load. Further, regene¬ 
rative braking in an induction motor is only possible at 
speeds above synchronism. At any speed below tliis, 
to obtain a braking effect the motor must be reversed, 
and power corresponding to the torque exerted di-awn 
from the line. This power, together with the braking 
energy absorbed, passes through the rotor to the resis¬ 
tances, ^d is there dissipated. It is impossible, therefore, 
to obtain the same delicacy of control as in the Ward- 
Leonard system. 

In high-speed winding, necessary owing to the reduced 
working hours in mines, retardations of 4-6 and income 
cases 6 ft./sec./sec. are necessary to obtain the required 
output. If normal braking is used, wooden brake 
blocks last only 4 to 6 weeks and patent fabric linings 
about double this time, Reverse-current braking is 
cheaper and more reliable and is used for ordinary 
coal winding and for lowering men. Regenerative 
braking is permissible for lowering men for long, slow 
winds, but reversed current is used to slow down at 
the ends of the winds. Actually it is safer to use 
regenerative braking under the above conditions, as it 
provides a definite limiting speed (6 to 10 per cent above 
synchronism), rather than to switch off (as is sometimes 
done) and brake only when the speed becomes excessive. 
Alternating-current controllers for large motors employ 
liquid electrolyte, and the resistance is varied in one 
of two ways; first, moving electrodes; and secondly, 
moving electrolyte. In the first the resistance is varied 
by varying the length of liquid electrolyte between 
fixed and movable electrodes. In the second the resis¬ 
tance is varied by varying the depth of electrolyte in 
the tank, in which are immersed a number .of electrodes. 
Thus the immersed area is varied, and so the resistance. 
Each ^e has its particular advantages. The first 
lends itself to rapid acceleration, manoeuvring and 
reverse-current braking, the second to uniform accelera¬ 
tion, which can be set for any required rate, and is tlius 
suitable for a fixed and definite rate and load per wind, 
but it is not so flexible for manoeuvring and reverse- 
current braking.. The first method requires the active 
portion of the electrolyte to be contained in vessels of 
insulating material. In the second method the electrodes 
carried on insulated frames, and the electrolyte 
in a metal vessel which may be earthed. The electrolyte 
is circulated constantly by means of a pump, and its 
height on the electrodes fixed by a movable weir. In 
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this type there is a danger that when reverse current 
is quickly applied after a full-speed run the electrodes 
would be immersed (the liquid not having had time to 
fall) and, the rotor resistance being low, insufficient torque 
would be produced in the rotor, resulting in a jerk and 
damage to the mechanical gear. Again, if the liquid 
has time to fall, the high voltage produced across the 
small quantity of liquid in contact with the electrode 
has a tendency to produce a flash-over inside the con¬ 
troller. This objection is met by providing contactors 
which introduce a fairly high resistance into the rotor 
circuit independently of the controller. The relation 
between forward and reverse torque and resistance in 
the rotor circuit is an important one and the curves 
in Fig. 7 show that too high or low a resistance in the 


to the a.c. motor and is interesting to watch when 
working regeneratively or with reverse current. The 
starting and stopping of a.c. induction motors is accom¬ 
plished by switching “ on and “ off ** the main current. 
Reversal of rotation is obtained by interchanging the 
connections of two of the phases in the case of a three- 
phase motor, or both phases in the case of a two-phase 
motor. All this has to be done a great number of 
times a day, and the switchgear for carrying out these 
operations has therefore to be of the most robust con¬ 
struction, electrically and mechanically. Both oil- 
immersed and air-break reversing switdies are used. 
For small sizes oil-immersed direct-operated quick 
make-and-break switches are satisfactory, but for larger 
sizes automatic operation is necessary, as the labour 


iizsK.p. aynchronou^ 



rotor circuit results in a reduction of the reverse-current 
braking effect at full speed, and also show that there 
is a definite resistance which gives the maximum braking 
effect at each speed. Heather * was, I believe, the 
first to point out this fact. He also introduced a special 
ammeter having a central zero and two elements showing 
both the magnitude and direction of the stator current 
and rotor torque in an a.c. winding motor. The present 
author obtains similar results with a single-phase 
central-zero indicating wattmeter, the potential supply 
to which is reversed by contacts on the master controller 
operating the main contactors. This gives at all times 
the magnitude and direction of the power supplied 

• Journal of the South African Institute of Electrical EneineerSf 1012, 
▼ol. 10, p. 157. . . 


of continued reversals is great. Contactor-type air- 
break switches with powerful magnetic blow-outs 
are much used and give satisfaction, the wear of contacts 
being slight. Fig. 8 shows a complete switch of this 
t 5 pe. Oil-immersed contacts wear more rapidly, and 
the oil requires to be frequently renewed. Oil-immersed 
switches are morei compact, and up to 100 amperes 
on 3 000 volts, if inspected at frequent intervals and 
the contact faces maintained in good condition, are 
quite satisfactory. Owing to the considerable mass^ of 
the moving contacts and operating mechanism of elec¬ 
trically operated air-break contactors, the force necessary 
to obtain rapid movement is. large and there is a ten¬ 
dency to bounce. Also, the vibration s^et up by the 
heavy blows .of the closing contacts tends to loosen 



528 


DAVID: ELECTRXCITY IN MINES, 


fastenings and to fracture small interlocks and 
mechanism. To overcome this trouble, compressed air 
has been tried as an operating medium, with very 
satisfactory results. Fig. 9 shows a section of the 
operating mechanism. An interesting feature observed 
in these large air-break contactors is that the arc pro¬ 
duced when a current of low power factor is broken is 
much greater than that from a current of high power 
factor. Apparently the blow-out coils are less effective 
when current and voltage are considerably out of 
phase, as in the case of the no-load current of a low- 
speed a.c. motor. 


that power must be cut off at such a point that the 
inertia of the moving masses is just sufficient to bring 
the load to bank with the merest touch of the brakes 
to hold the load as it drops on the keps. Even when 
winding coal only, the loads vary considerably (some 
trams are filled by conveyer, and others by hand), or 
occasional trams of rubbish have to be dealt with, and 
it will be seen that it requires considerable skill on the 
part of the enginemen to judge correctly for each differ¬ 
ing load the exact point at which to cut off power. The 
general tendency is to cut off a little too early, with 
the result that power has to be switched on again to 
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Fig. 6.—^Alternating-current electric winder. 


In addition to the above consideration in deciding ; 
upon th^ type of winder, the peak-load capacity of the 
generating station and transmission mains has a great 
influence. Further, it must be borne in mind that an 
a.c. winder has a definite maximum speed, which can 
only be altered by changing the gearing, and its maximum 
efficiency is only attained at the particular schedule for 
which it is designed. With all these, limitations, how¬ 
ever, there is a great field for a.c. winders, from small 
winders at shallow depths to large winders raising 
heavy loads at low speeds from greater depths. For 
m^imunjil, efficiency the a.c. winding diagram should be 
so arranged that no braking is necessary. This naeaas 


bring the load to bank. Fig, 10 is a ti^ical wattmeter 
diagram of such a wind for a cylindrical drum. With a 
cylindro-conical drum the resulting load on the motor 
is very heavy, often twice as great as when lifting the 
normal full cage from the bottom, as the full cage 
rope is on tlie large diameter, and the motor receives 
little help from the empty cage and rope which is on 
the small diameter. Cutting off too late results in 
heavy braking. 

The advantages of the a.c. system are simplicity, low 
capital cost, less space occupied, no stand-by losses; aind 
of the Ward-Leonard system, flexibility, ease of control, 
complete automatic control if desired, lower wear and 
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tear of brake gear, peak loads on system gradually 
applied (not instantly as in the case of alternating 
current) and of shorter duration. 

The efficiency varies. For high-speed winds the Ward- 
Leonard system is usually more efficient; for heavy 
loads from deep shafts at moderate or low speeds, 
i.e. where the Stjemberg coefficient is low, alternating 
current is more efficient. ‘Where it is a question of 
getting a maximum output from a certain size of shaft 
witli definite limits of weight per wind, the Ward- 
Leonard system is usually necessary. The two-speed 


further experience is necessary before mining engineers 
are prepared to take advantage of the evident improve¬ 
ment possible in the larger sizes. 

The d.c. motor is inherently a low-speed machine, 
and motors of large size to run at speeds down to 30-40 
r.p.m. for direct coupling to the drum shaft can be made 
with high efficiencies. Several large d.c. equipments 
have recently been installed with geared motors. 
Fig. 11 shows such a one. Whilst a commercial case 
has evidently been made out for these, it can only be in 
first cost. The published efficiency of the geared motors 


Ml 

reverse 

^eed 



, Ml 

JforwaTd 

speed 


Fig. 7.—Torque/speed curves of 676-h.p., 37S-r.p.ni. motor. 

Curve 1.—Rotor short-circuited. 

Curve 2.—External resistance « 1 X (rotor resistance). 

Curve 3.—^External resistance » 2 X (rotor resistance). 

Curve 4,—External resistance « 4 X (rotor resistance). 

Curve 6.—^ISxtemal resistance » S x (rotor resistance). 

Curve 0.—External resistance « 16 X (rotor resistance). 


cascade motor shows a considerable increase in efficiency 
and reduction of peak loads over the single-speed induc¬ 
tion motor, owing to the reduced rheostatic losses. In 
modern designs this type of motor is run up to cascade 
speed, then the rotor slip-rings are short-circuited 
(without breaking the stator circuit), and the motor 
runs up to full speed. Resistance for control is intro¬ 
duced into tappings in the stator circuit. This type of 
motor has only been tried in moderate sizes and, as 
reliability is the essential feature of a-winding engine. 


in this case is 94*6 per cent at 360 r.p.m. Correspond¬ 
ing direct-coupled low-speed motors installed by the 
author have a full-load efficiency of 92*7 per cent. 
The gearing losses will be at least 2 per cent when new, 
and higher when the gears begin to wear, so that the 
balance of efficiency is in favour of the direct-coupled 
motor. Reliability and maintenance costs are still 
more in its favour, as there is only one low-speed bearing 
to maintain, against two low-speed and four hig^-speed 
bearings, a pair of gears and a flexible coupling. These 
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factors will justify a considerably higher first cost in 
the case of a direct-coupled motor. 

An increase in speed of 30 to 40 per cent is permissible 
on the Ward-Leonard motor by field control alone, 
and any desired lower speed can be obtained by fixing 


generating plant capacity is small compared with the 
peak loads, fljnvheels have been introduced to equalize 
the loads. The losses in these flywheels are appreciable ; 
to run a 12 ft. 6 in. diameter 30-ton wheel and two vari¬ 
able-voltage generators of 1 100 kW at 500 r.p.m. absorbs 



Fig. 8 . —Contactor air-break reversing switch. 


a stop on the control lever, or better by a resistance 
inserted in the Ward-Leonard generator field limiting the 
armature voltage. Thus the winding speed which gives 
maximum efficiency for any coal output can be fixed 


between 160 and 210 kW continuously. A large part 
of this loss is in the induction motor which is running at 
very low efficiency. Further, to enable the flywheel 
to give up its energy during peak loads, the speed of 


Table 4. 



LighMoad losses 

Average efficiency 

Peak load 

Overall efficiency 

Ward-Leonard generator and S3nichronous motor 

kW 

80 

per cent 

92*0 

kVA 

3 480 

per cent 

61*0 

r (10 600 V) . 

206 

83*0 

3 300 

47*0 

Ilgner (3 200 V) . 

150 

__ 


L (3 200 V) . 

116* 

— 

— 

— 


♦ Without flywheel. 


and maintained in a Ward-Leonard equipment, the 
speed being increased from time to time as the mine 
develops and the output increases. 

Until<f quite recently Ward-Leonard motor-generator 
sets have been driven by induction motors. Where the 


the set must be reduced. In induction-motor-driven 
sets this is usually done by inserting resistance in the 
rotor circuit of the motor by an automatic device. This 
reduces the rotor efficiency in direct proportion to the 
increased slip, and the resulting average efficiency of 
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the motor over a winding schedule may be as low as 
80 or 82 per cent, even in a large machine. If the 
equipment is run faster than the pre-arranged schedule 
this may fall to 76 per cent owing to the set being unable 
to pick up its speed between winds. 

Complete equalization for winding schedules raising 
large tonnage from considerable depths is not feasible, 
and even partial equalization involves heavy flywheels 
and correspondingly heavy light-load losses. The 
author is of the opinion that money can be more 
suitably spent in increasing the generating plant 
capacity and in improving the transmission system 
generally. 

If a flywheel with speed variation is not to be used, 
then tlie efl&ciency and reliability of the equipment may 
be improved by driving the motor-generator set by a 
synchronous motor. The efhciency of this type of 
machine will be at least 2 per cent higher than that of an 
induction motor for similar output. The comparative 
efficiencies of two equipments of almost equal size, one 
being of the Ilgner type and the other a plain Ward- 
Leonard driven by a synchronous motor, are given in 
Table 4. 

The Ward-Leonard set comprises two 1 100-kW 
600-volt variable-voltage generators coupled on either 
side of a 3 250-h.p. 3 200-volt 60-period three-phase 
synchronous motor designed for 0*8 leading power 
factor fl,at full load. The main exciter supplying the 
variable-voltage fields, four motor fields, brake solenoids 
and other accessories is mounted on an extension of one 
of the generator shafts and has no outboard bearing. 
The synchronous motor exciter is mounted in a similar 
way on the other generator shaft. The whole set 
runs at 760 r.p.m. This set supplies a winding engine 
running at 61 r.p.m. and having two 1 400-h.p. motors 
direct-coupled to a 14 ft. to 22 ft. winding drum arranged 
for 60 winds per hour, 7*6 tons per wind, giving a 
normal output of 460 tons per hour from a depth of 
660 yards. This can, however, be speeded up to 626 
tons per hour if required, without exceeding the B.E.S.A. 
temperature limits on the various machines. 

The Ilgner equipment comprises two 1 036-kW 
600-volt variable-voltage generators driven by a 
2 000-h.p. induction motor. Two of these sets are 
supplied at 10 600 volts and the third at 3 200 volts, all 
three-phase at 60 periods. The flywheels are 12 ft. 6 in. 
in diameter, weigh 30 tons and are entirely enclosed 
to reduce windage. The sets run at a full-load speed 
of 485 r.p.m., and with maximum slip tlie speed is 
reduced to 400 r.p.m. The flywheel bearings have 
forced lubrication and the main bearings on all 
sets are water-cooled. Excitation is supplied for the 
Ilgner set by a separate motor-driven exciter of 80 kW 
with a battery as a stand-by, so that the Ilgner set 
light-load losses do not include the exciter losses. Each 
Ilgner set supplies a winding engine having two motors 
of 1 300 h.p. at 62 r.p.m. direct-coupled to a 14 ft. to 
22 ft. winding drum, the output for wliich they were 
designed being 60 winds per hour, 6 tons per wind, or 
360 tons per hour from a depth of 725 yards. 

The overall efficiency is based upon the specified 
winding schedule. At any lower rate or on an all-day 
basis the consumptions per ton raised* would be still 


more in favour of the Ward-Leonard set, owing to the 
lower light-load losses. 

The great diflerence in efficiency is not all due to the 
relative efficiency of the two systems but is partly due 
to the winding scheme, the Ilgner set winding lighter 
loads at higher speeds. 

The synchronous motor is of the self-starting and 
S 3 mchronizing type and is started tlirough an auto¬ 
transformer with one tapping. The starting current 
is less than full-load current arid the set is run up to 
speed and synchronized in 60 seconds. 



Advantage has been talcen of the improvements in 
commutation at high speed (resulting from rotary 
design) to increase the speed of the winder motor- 
generator sets, and peak loads up to 7 000 h.p. are now 
dealt with by generators running at 760 r.p.m. 

Two valuable and interesting papers on the " Com¬ 
parison of costs between the Ward-Leonard and Three- 
Phase Winding Systems were contributed to the South 
African Institute of Electrical Engineers, one by Renner 
in 1911 and another by Ewing in 1916. These refer 
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to the special conditions existing in South African gold 
mines, i.e. deep shafts (sometimes inclined) and auto¬ 
matically loaded skips, but the results obtained are 
easily applicable to our conditions by a few eliminations. 
For various reasons, balance ropes are not a success in 
British mines, at least in the author's experience. Of 
three installations (two alternating-current and one 
Ward-Leonard) laid out for balance-rope operation, 
one a.c. equipment ran for only a few months at 
high efficiency, the balance rope then being damaged 
beyond repair by a tram falling upon it in the sump. 
As the gain in efficiency did not represent the cost of a 
new balance rope every few months, the set now runs 
without a balance rope. The Ward-Leonard set ran 
for some years with a balance rope, but the colliery 
managers, with experience based upon steam winders, 
or else prejudice, never approved of it and eventually 
after a similar accident the balance rope was eliminated. 

For deep mines and high speeds, cylindro-conical 
drums are used in preference to balance ropes. 

The idea expressed in both the above-mentioned 
papers—that Ward-Leonard sets must of necessity cost 


driven and, although no figures are yet available for 
the life of these low-speed gears, an estimate of 20 years 
appears reasonable. 

The average yearly maintenance cost would be as 
follows:— 

An 1 100-h.p. a.c. winder with oil-immersed 

switches.£250 

An I 100-h.p. a.c. winder with air-break 

contactors .. .. .. .. £150 

A similar Ward-Leonard set.. .. .. £105 

The efficiencies of Ward-Leonard sets have improved 
I since these papers were written; otherwise their find¬ 
ings hold to-day. Briefly these are that a.c. winders 
^will effectively carry out all the operations they may 
be called upon to do, but that from 60 per cent of their 
•) schedule load upwards the Ward-Leonard winder is more 
efficient in straightforward weight-raising, and for all 
weight-lowering and low-speed work Ward-Leonard 
operation is considerably more efficient. In addition 
the control is safer, smoother and simpler and lends 
itself to complete automatic operation. 



more for mamtenanc^is incorrect. The 
cost of a set of oil-iminersed reversing switches on i 
1100 -h.p. a.c. winder amounted to £160 per annum 
wear and tear on the liquid controller is higTi owing t< 
the corroave action of the electrolyte. SUp-rini 
brushes wear about | in. in 6 000 hours’ operation. 

The maintenance of a high-speed motor-generator sei 
consists chiefly of brush renewals. The average weai 
in 6 000 hours’ running of a 760-r.p.m. 1 100-kW se 1 
IS * in. per brush. Slip-ring brushes wear more rapidly 
f in. being the average in 6 000 hours. The wear oJ 
ae low-speed d.c. winder motor brushes is less than 
^ in. in 6 000 hours. In one large set under the author’s 
observation the main motor brushes have not been 
ch^ged m 11 years and the wear is less ttiati i 
The motor-generator set has also a number of the original 
brushes still runimg. The average cost per annum for 
brush renewals, including labour for bedding will not 
exc^d £50 for a 1 400-h.p. Ward-Leonard set and winder 
motor. Bearings appear to run indefinitely on high- 
motor-generator sets. They are mostly flood- 
lubncajfced and water-cooled. 

The 1100 -h.p. a,c. equipment referred to is gear- 


In the author’s experience, winding-engine men tayen 
directly from steam winders require at least 60 ho^’ 
practice in a.c. winder control before they can be relied 
upon, and many months’ experience before they can 
work to a schedule so as to achieve full efficiency. Men 
taken direct from a steam winder will drive a Ward- 
Leonard winder with fuU confidence in an hour or two, 
a^d will obtain full efficiency on a schedule in a couple 
of weeks. The difficult operation of extracting water 
mth a water barrel during sinking operations is mastered 
in a few-attempts on a Ward-Leonard set, but takes 
tmce as long on an a.c. winder, even with a highly 
skilled driver. 

The a.c. winder has a finite maximum oulput, while 
the Ward-Leonard set can be speeded up, if required, to the 
hmit of ffie heat capacity of all the machines. Prices 
have varied so rapidly in the last few years that a com¬ 
parison of capital costs is difficult. An approximation 
based upon a number of recent installations is that the 
complete Ward-Leonard set, including drum, etc., costs 
30 per cent more than an a.c. set for an output of 260 
tons per hour from a depth of 600 yards. In all the 
recent winder equipments for which the author has 
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Fig. 11.—General arrangement of the Harworth geared ■winder. 
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been responsible, duplicate generators have been pro¬ 
vided on the motor-generator sets, each giving half 
the final voltage. During the sinking and development 
of the mine, one motor-generator set can thus run two 
winders at half speed with lower light-load losses and 
capital costs. Xn.ter, when the full output is required, 
^e two generators are connected in series and full speed 
is obtained on the winder motors, which may also be 
duplicated if desired. During normal working the 
winders are run at full speed only during the working 
shift, and at half speed during the afternoon and 
evening shifts. These changes are simply and quickly 
made on a plug board having horizontal and vertical 
busbars. 

An alternative scheme to the usual steam winder and 
mixed-pressure turbine for isolated collieries has recently 
been developed, and an equipment is now installed for an 
output of 3 000 tons per day from a depth of 1 000 
yards. The general arrangement is shown in Fig. 11. 
A Ward-Leonard motor-generator set is driven tlurough 
gearing by a high-speed turbine. This supplies the 
two winding motors, the motors being controlled by 
var 5 ring the voltage of the Ward-Leonard generators. 
A flywheel is provided which takes the peak loads, the 
turbine governor gear permitting a large range of 
speed, so that a moderate size flywheel can supply a 
considerable amount of energy. A valuable feature 
of this scheme is that full advantage can be taken 
of the flywheel energy, as speed reduction is not accom¬ 
panied by a coreesponding reduction in efl&ciency. This 
plant has been in satisfactory operation for some months 
and further similar equipments are in progress. 


Part 8. 

The ratio of winding, compressing and ventilating 
loads (which may be steam-driven) to pumping, haulage 
surface loads and lighting (which are usually electrical) 
m an important factor in fixing the type of povfer plant. 
M the available low-pressure steam from the first three 
IS just sufficient to produce the necessary electricity for 
supplying the remainder, then it would appear economic- 
aUy sound to install steam winders, fan engines and 
compressors and mixed-pressure turbines for supplying 
the remammg power. As, however, the high-prmure 
steam TOMumption of mixed-pressure tiirbines is higher 
an that of straight" high-pressure machines, and 
also as electee winders are twice as efficient as steam 
windere, and large boiler plants are more efficient than 
small boiler plants, there are very few cases where 
a mixed-pressure steam-winder plant can compare 
favourably with an aU-electric plant. ^ 

Steam-winder manufacturers usually give con- 
sumptaons per shaft horse-power or per hour for a given 
stand-by losses. The low-pr4ure 
steam from the winders is referred to as a sort of gratuity 
given to users of steam winders. The heavy hig^ 
pressure steam consumption of mixed-pressure terbines 
o be useful in maintaining a steady load 

te Snw iw’ given later in the paper 

o show that stand-by losses are considerable and, 


d.dditioii to the smaller boiler plants being less ef^cient 
under the varying load, a better class of fuel has to be 
used than in tiie large stations. 

In conclusion, a few examples are given of actual 
collieries, (1) steam-operated, (2) electrically operated, 
and (3) during the transition stage. 

The first colliery considered has two winding engines, 
each operating tandem deck cages raising an average of 
50 cwts. per wind, the depth of the shafts being 520 and 
450 yards. The engines are of modern type with Corliss 
valves and governor-controlled cut-off gear. Their 
consumption per wind calculated from indicator cards is 

No. 1 winder .. 175 lb., or 43-8 lb., per shaft h.p. 

No. 2 winder .. 166 lb., or 48*2 lb., per shaft h.p. 

The pressure is 120 Ib./sq^. in. and the superheat 
425 deg. F. ^ 

The fan engine was a rather old vertical type of 
about 600 h.p. with rope drive. 

The three compressors were of the low-speed horizontal 
Corliss-valve type; two ran during tlie working shift 
and one during the remainder of the day. The measured 
steam consumption of these engines was 28-32 .lb. 
per b.h.p.-hour. All the engines exhausted into a gas¬ 
holder type of receiver, and a 2 000-kW mixed-pressure 
turbo-alternator of modern type utilized the low-pressure 
steam and generated an average of 86 000 units per 
week. This set ran only during the working shift. 

Average water evaporated by the 
boilers (tliree 30 000-lb. Babcock with 
, chain-grate stokers and economizers, 
and four Lancashire boilers) per week 9 640 000 lb. 
Maximum hourly output during the 

working shift. 120 000 lb. 

Maximum hourly output during the 

shift. 60 000 lb. 

Average coal consumption per week . • 689 tons 

Coal raised per week .. * .. .. 12 600 tons 

Percentage coal consumption .. ,. 4*72 

11 000 additional units were supplied. 

When an electrically-driven fan was installed and 
the fan engine shut down ;— 

Water evaporated (average) per week .. 9 124 800 lb. 
Coal consumption per week .. .. 641 tons 

Reduction per week . 4 g tons 

Units consumed by the fan (average) per 
week. 57 qqq 

The compressors, which previously were short of 
ste^, were now enabled to run up to their full capacity, 
giving a considerably greater output of air. 

The compressors were next shut down and the air 
supplied from the central generating station at the rate 
of 40 000 000 cubic ft. per week. 


Water evaporated per week 
Coal consumption per week 


4 940 000 lb. 
310 tons 
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Table 6. 



1 Units per 

i Units per 


week 

ton 


Present Conditions. 



kWh 

kWh 

Winders and mixed - pressure 

86 000 

6-88 

turbines 



Fan consumption .. 

57 000 

4-65 

Compressed air 

151 700 

12-10 

Units ill addition to those gene- 

11 150 

0-89 

rated by mixed - pressure 

turbine supplied for colliery 
washery, etc. 



Total 

305 860 

24-42 


Estmiated Consumption if Winders he Electrified. 


Winders 

52 500 

4-2 

Fan as above 

67 000 

4-55 

Compressed air 

151 700 

12-10 

Colliery washery, etc. .. , . 

90 000 

7-20 

Total 

361 200 

28-05 


Comparison ivith All-Steam Colliery. 


Total coal consumption for 

4*72 per cent of 

winders, compressors, fan en¬ 
gines and mixed - pressure 
turbine 

output 

Additional units used over those 
produced by mixed - pressure 
turbine 

11 150 

0-89 

Extra compressed air 

64 700 

5-17 

Total 

75 850 

6-06 


The air consumption increased from 8 000 to 9 000 
cubic ft. per min. to 15 000 to 10 000 cubic ft. per 
min. during the working shift, or an average of 70 000 000 
cubic ft. per week, the pressure also being increased 
from 60 Ib./sq. in. to 65 Ib./sq. in. 


The steam winders and mixed-pressure turbines were 
now the only loads on the boilers, and the Lancashire 
boilers were shut down, the load being taken on the 
three water-tube boilers. The light-load losses and 
auxiliary consumption of these boilers amounted to 
10 000-12 000 lb. per hour. Taking the average con¬ 
sumption per wind as 175 lb. for No. 1 winder and 
166 lb, for No. 2 winder, over a complete 24 hours the 
results were as follows :— 

Total net consumption for 720 winds of 
No. 1 winder and 635 winds of No. 2 
winder .. .. .. » .. .. 232 000 lb. 

Total light-load losses, feed pumps and 

auxiliaries for 24 hours .. .. .. 254 000 lb. 

Gross consumption, per day, should be . - 486 000 lb. 

Actual evaporation, per day .. .. 760 000 lb. 

Difference, per day .. .. .. .. 274 000 lb. 

High-pressure steam to the mixed-pressure 

turbine accounted for, per day .. .. 224 000 lb. 

Left for blow-downs, blowing-off and other 

unaccounted losses, per day .. ., 50 000 lb. 

The medium-pressure turbine runs only during the 
working shift from 7 a.m. to 2 p.m., and the average 
number of units generated in 7 hours is 14 300, or 
2 050 per hour. 

The actual high- and low-pressure consumption of 
steam for winding and generating these units is 58 000 
lb. per hour, or an average of 28*3 lb. per unit. 

Usually in getting out comparative calculations of 
steam and electric winding plants the net steam required 
for winding is taken and then an addition of 12 to 
15 per cent made for light-load losses, occasional winds 
during afternoon and night shifts, and boiler auxiliaries. 
Actually the average steam consumption during the 
7 hours' working shift at this colliery is 480 000 lb., the 
consumption during the afternoon and night shifts 
being 280 000 lb. (760 000-480 000), or 58 per cent of 
that during the working shift. A certain amount of 
coal-winding is carried out during the afternoon shift 
from 2.30 p.m. to 4.30 p.m., but when this is not done 
the evaporation is only slightly reduced. Siniilar 
figures for afternoon and night evaporations are obtained 
from other collieries. 

If the steam winders were replaced by electric winders, 
as they have been at other simdar pits, the number of 


Table 6. 

Comparison of Steam with Electric Winders.^ 


' Number of winds 

Tons raised 

Consumpti 

on per ton of 

coal raised 

Winder 

Coal 

Rubbish 

Men 

Material 

Total 

Coal 

Rubbish 

Coal 

Units 

Per cent of 
output 

Steam 

Electric .. 

1 572 

1 650 

232 

240 

717 

848 

244 

260 

2 765 

2 988 

6 839 

7148 

1 200 

1240 

lb. 

33-2 

kWh 

3-7 

^ 1-48 

- 


* The figures relate to one complete week’s worldng in each case. 
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units consumed would be 2*46 per ton of coal raised, 
or, for men, material, rubbish and coal, 4*20 per ton of 
coal raised. At 12 600 tons per week this is equal 
to 62 600 units. The results are summarized in 
Table 6. 

Tables 6 and 7 give actual values for a smaller colliery 
raising 1 000 to 1 250 tons per day, showing the effect 
of replacing the steam winder by an electric winder. 
The fan and compressed-air systems had been converted 
before accurate water evaporation records were available, 
but the coal consumption before the conversion was 
6J per cent of the coal raised, with a much lower con¬ 
sumption of compressed air. 

Table 7 summarizes all the loads at this colliery. 


Table 7. 



Units per 
week 

Units per 
ton 

1 ^ 0 . 1 electric winder 

kWh 

26 400 

kWh 

3*7 

No. 3 electric winder 

1 600 

0*21 

. 

28 560 

4*00 

Compressed air.. 

108 200 

16-1 

Other colliery uses 

26 540 : 

3*71 

Total. 

191 200 

26-72 


Table 8 shows another gradual conversion. The 
compressor in this instance was shut down first, the 
fan afterwards and tlie winding engines finally. There 
was no mixed-pressure turbine at this colliery 
and no water-measuring apparatus. Comparative 
coal consumptions only can be given. Compressed-air 
consumptions have in all cases increased since the 
conversions, due partly to tlie inadequacy of the 
steam-driven compressed-air plant and partly to 
the increased use of conveyers and other air eitgines. 

These results show that wherever accurate records 
axe available, electiification of the whole of the machinery 
at a colHery can be proved to be a sound commercial 
proposition. The reduction in pit-head costs resulting 
from a highly efficient plant is appreciable, although 
the total cost of power is small compared with the labour 
^ colliery, and the usual method of costing makes 
it difficult to prove the reductions. 

The principal effect of electrification is to reduce the 
arnount of unskilled labour employed at the pit-head, 
this unsatisfactory and difficult-to-manage gang being, 
replaced by a few skilled hands. 

Electrical plant has one special advantage over other 
types in that the actual consumption of every machine 
or group of machines can be contiimoaisly recorded and 
any v^ste checked. Further,. electrical plant retains 
Its high efficiency without the constant adjustments and 
renewals necessary in other machuies. 


Table 8. 



Units per 
week 

Units 
per ton 

Percentage of 
coal raised used 
iac powear. 

Steam Winding, Fan and Compressor Engines. 

Coal consumption for one 
fan engine, one winding 
engine and one com¬ 
pressor 

kWh 

kWh 

per cent 



' 6-6 

Electrical units consumed 
for pumping, haulage 
and general pit use 

16 300 

3*6 


Steam Compressor Shut Down. 


Coal consumption for one 
winding engine and one 
fan engine 


— 

6*08 

Compressed air supplied 
from central station 

43 000 

9-25 

— 

Colliery electrical units as 
before 

16 300 

3-6 ’ 

— 

Total. 

69 300 

12*76 


Fan Engine Shut Down. 

€ 

Coal consumption with one 
winding engine only 

— 

— 

2*4 

Compressed air as before 
Colliery units, including 

43 000 

9*26 

— 

No. 2 winder electrified 

28 000 

6*00 

— 

Fan units 

40 300 

8*66 

— 

Total .. 

111 300 

23*91 



Colliery Completely Electrified. 


Units consumed by Noa. 1 

40 600 

7*13 

_ 

and 2 winders 




Compressed-air units 

196 000 

34*3 

_ 

Colliery units, including 

40 260 

7*08' 


washery 




Fan units .. .. 

60 400 

8-86 

— 

Total 

326 260 

67*36 



Comparison with Original Steam-driven, Plant with 
Increased Loads Supplied from Central Station. 


steam plant .. .. i 

• ;- 

_ 

6*6 

Extra compressed air .. - 

162 000 

26*65 

_ 

Extra units for colliery 
and washery 

24 000 

4*22 


Total 

176 000 

30-87 








DAVID: ELECTRICITY IN MINES: DISCUSSION. 


637 


Discussion before The Institution, 19 February, 1926. 


Mr. C* P. Sparks : The author refers at the con¬ 
clusion of the paper to the advantage of being able to 
obtain exact records. The ease of making exact 
measurements with an electric drive has done more 
to enable us to make rapid progress in conversion than . 
any other factor. The main obstacle to progress is 
the difficulty of comparison with operation under the 
older conditions. The main reason for electrification is 
the saving in labour, maintenance and fuel, and the ease 
of meeting additional power requirements when once 
an adequate electric supply is available. The author 
rightly emphasizes the importance of eliminating stand¬ 
by losses through the use of electricity, and the results 
given in the paper confirm the general experience that 
the saving of fuel by conversion to electric drive amounts 
to between one-third and two-thirds of the fuel used 
under the older methods. Dealing with the use of 
synchronous motors, in view of the importance of 
maintaining pressure of supply with a heavy fluctuating 
load on individual feeders, and of keeping down the cost 
of distribution, the full particulars given by the author 
of synchronous motors and their methods of control 
are most valuable. The difficulties of operating with 
a low power factor were fully appreciated at least 10 
years^ago. At that time the large system of the Powell 
Duffryn Steam Coal Co. in South Wales was operating 
with an output of some 60 million units per annum. 
The power factor of the stations at that time ranged 
between 0-7 and 0-8. In view of the progressive fall 
in power factor with increasing load, the late Mr. George 
Hann and myself decided that the earliest opportunity 
must be taken to improve the power factor of this 
system. The result of the use of synchronous motors on 
a large scale, driving air compressors, fans and winders 
through motor-generatofs, has been to raise the station 
power factor to between 0 • 8 and 0 * 9 with three times 
the output, now at the rate of some 160 million units 
per annum. The power factor has been raised and 
the general pressure on tlie system much improved, 
although the system is now operated, owing to its 
growth, with transformers having higher reactance 

when operating on a smaller scale. The author 
refers to the efforts made to improve the efficiency in 
winning coal by the use of electricity, but while much 
has been done much remains to be done. Table 2 shows 
the average consumption for a typical South Wales 
colliery, of 32 units per ton of coal raised. The units 
required per ton vary widely ; in some parts of the world 
the natural conditions are such that coal can be won 
for the expenditure of a much smaller amount of energy. 
During a recent visit to the United States I inspected 
some large coUiery undertakings which were operating 
under favourable natural conditions, and although 
the whole of the power requirements were supplied 
electrically the units per ton of coal raised varied from 
3 to 6. It would be difficult for us in South Wales 
to compete with such figures were it not for the fact 
that these mines are distant from the sea and therefore 
the question of transport has a material bearing. Of 
the total of 32 units in Table 2, twenty are used for 

VOL. 63. 


compressed air, and while I am in agreement with the 
author as to the efficiency of compressed-air transmission 
being high, I think that this statement is really mis¬ 
leading, because what has to be taken into account is 
not only the transmission of the compressed air, but 
its use; and the compressed-air engine is very inefficient. 
In my opinion it is most important to improve electrical 
apparatus and its control so that the use of compressed 
air can be largely dispensed with. Another thing that 
is very necessary is better lighting at the face, as this 
will reduce the risk of accident and at the same time 
greatly reduce the cost by improving the efficiency o 
labour. The introduction of the miners' electric lamp 
with metal-filament lamp has enabled the standard of 
lighting to be at least doubled in the last 12 years, but 
there is room for material improvement. In comparing 
colliery with other power stations, although, of course, 
every power station should be reliable, reliability is 
absolutely' essential in the case of coffieries. One has 
only to consider the winder, ventilating fans and the 
pumps to appreciate this point. The author refers to 
the use of low-grade fuel. In the old days any refuse 
was used in colliery boilers, but with the improvement 
of low-grade fuels by washing, and the higher costs of 
labour to-day, it does not pay to try to burn what I 
might call dirty fuel, and there is no doubt that the 
modern tendency, even in the smaller collieries, is to 
use a higher grade of fuel. The author refers to the 
advantages which pulverized fuel possesses, but it is 
doubtful whether the low-grade fuels in their raw 
will prove to be suitable for pulverizing. The author 
refers to the question of reversing switches. These have 
a heavier duty than any otlier type, as they have to 
operate every 46 to 60 seconds. Within the past 2 or 
3 years it has been definitely found that, although making 
these switches larger increases the factor of safety, and 
altliough by frequent inspection and changes of oil the 
risk can be minimized, an oil-immersed switch is not 
suitable for this work. The best solution is to use a 
type of air-break switch, as mentioned in the paper. 
The author draws attention to a point of more than 
ordinary interest in regard to switches. On page 628 
he says: ** Apparently the blow-out coils mss 

effective when current and voltage. are considerably 
out of phase, as in the case of* the no-load current of a 
low-speed a.c. motor." He draws attention here to a 
matter of great interest to switchgear makers and to 
users of switchgear generally. The failure bf switch- 
gear, which has a large factor of safety when tested 
under normal conditions, is no doubt due to the greater 
" arc energy " under the conditions cited. In regard 
to winders, I entirely agree ydth the autlior that the* 
synchronous motor-generator is the right line of approach, 
especially where the winders are large, as the Ward- 
Leonard system gives perfect control and is almost 
essential for the adjustments required during sinking. 

' Mr. J. A. B. Horsley : The author discusses financial 
considerations that affect the choice as between steam 
and electric winders, and describes the technical differ¬ 
ences which influence the choice of d.c. or a.e. drive, 

36 
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exception of a passing reference to the 
possibility of complete automatic control with the Ward^ 
Leonard system, he makes no reference to the subject 
of automatic control of the speed during the wind; I 
submit that such automatic cpntrol is of real value and 
cannot be put aside as a refinement which need not 
be considered. Methods of automatically controlling 
the speed are possible with a.c. winders as well as with 
d.c. winders. I am not referring, of course, to the over¬ 
wind preventer—^that is a statutory requirement—^but 
to some device to control the speed of winding at different 
stages in the shaft so as to prevent the winding-engine 
man from increasing his speed beyond that which is 
safe both in mid-shaft and at either end. During the 
course of inspection in the Midlands not long ago I 
saw a recently-installed three-phase winding equipment 
with which such a device had been incorporated. This 
was so arranged that if certain predetermined speeds 
were exceeded the power was cut off and the brakes 
were applied. I suggested to the engineers responsible 
that they should devise some means of testing the over¬ 
speed preventer by fakingthe controlling rheostat 
in such a way as to simulate an emergency when running 
at, say, one-quarter fuU speed. My suggestion was 
accepted, bolh by the users and the manufacturers, 
and a very simple method has been evolved whereby 
a spring-return switch is included in the rheostat circuit * 
when this switch is depressed a certain section of the 
resistance is cut out so as to enable the automatic 
deduce to function at quarter speed as if the engine were 
really runmng at full speed. 

J. H. Johnson: I should like to associate myself 
with Mi-. Sparks’s remark that the author should not 
pay too much attention to the relative efficiency of 
teaMrassion by air and electricity over small areas, but 
t the question of efficiency throughout the whole 
sSd“ considered. It has long been under- 

and appreciated that over short distances the 
S ^ electricity; but 

comp^n. The author refers on 
ffir saKent-pole synchronous 

otor. type of machme has not been laxaelv 

Continent, ovLg 

to the fact that it has a somewhat low starting toraue 
and demands a heavy starting current. The airto- 

h^“ “‘i“«tion synchronous motor 
has teen apphed to practically every type of industrial 
machine at present in us^-both in and in oSr 

industries The author is rather generous to theTahSt 
pole machme when he refers to af efficiency oFqS pi 
cent, compared with the 93*2 per cent fnr+ 1 ,. U 
induction synchronous motor. If the matter is^looS 

tte effiaency of the former is only about?tolp^ c^; 
ffigher than toat of the latter, due to use“5 

a higher-voltage excitation current OthernHoa + 1 , 
ov»^ and aOcienoy ^ 

the advantages of the cylindrical type axe + •a 

mg torque at 2 to 3 times fjiU-loa^torque (2) 
synchronizing against full-load torque Md rsi 

me author refers on page 625 to the 


friction losses incurred in the flywheel of the Ilgner sets. 
Those can be largely reduced by highly polishing the 
fl 3 rwheel and enclosing it in a partial vacuum. The cost 
of the atuxiliary gear is compensated for by the reduced 
friction losses. ' 

Mr. 'T. J. Sack; The paper is entitled Electricity in 
Mines,but I think that a more suitable title w'ould have 
been ** Electric Power in Mines,'* as one of the most 
important uses of electricity in mines is for lighting, and 
that apparently ha^ been quite ignored. I had hoped 
to find that some further progress had been made in 
the lighting of the coal face on the lines laid down 
by Prof. Thornton in a paper * read before this Institu¬ 
tion, in which he suggested that a high frequency of, 
say, 166 periods, and a low pressure, approximately 
26 volts, should be used. It is ridiculous that all this 
money should be spent on hauling coal and getting it up 
to the surface, and scarcely ', any on the actual coal- 
getter, as far as providing him with better light is 
concerned. At the present time he works with, in some 
cases, as low as 0-008 foot-cargile on his work. Coal- 
owners pay £600 000 per annum as compensation for 
miners' nystagmus, which has been proved to be entirely 
due to inadequate illumination.t There are a great 
many limitations to the present design of miners' electric 
hand-lamp. One of the chief of these is the weight: 

It has to be limited to 6 or 6 lb. Another factor is the 
rough usage which these lamps have to withstanri. A 
2-volt accumulator is the one best fitted to fulfil the 
foregomg conditions, but 2 volts happens to be the very 
worst voltage from the bulb-makers' point of view. 
Uwmg to physical laws, it is impossible at present to 
make a really efficient 2-volt bulb that will have a life 
ong enough to satisfy the colliery owners. 

{communicated ): The atithor 
various headings which I 
propose to deal with in order, and I hope I may be 
for^ven for mtooducing into my remarks a good deal 

subject, as I feel, and always 
teve fdt, that the mtroduction of electricity into any 

upon its value comme^ 

4 -, •«’ i^® i™ow that there are very great oppor- 

wo^kparticularly in colliery 
ork but It must not be taken for granted that elec- 
taaty c^ be mtroduced into all sections of colliery 
work, unless it can be generated or supplied at a price 

ST ^ 

^ a of points 

“y own experience, which has now 

teen pnnap^y engaged upon the development of elec- 
work in colUeries), I have found toat probX 
toe most inefficient section is, the boiler plairi: One 
finds Lan^hire boilers installed in maTy^cSSieries in 
considerable numbers and of all ages and skes and it is 
no uncommon thing to find a battery of boSrfwito a 
number of new boilers having^ working pr^re 
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means that the working pressure of the’battery is 
limited to the highest pressure for which the old boilers 
are suitable. In addition to this, the boilers are geperally 
improperly housed, the boiler dues are in a bad condition, 
and in very many cases superheaters and economizers 
are omitted altogether. 

Lancashire boilers have necessarily (due to their design) 
a. very limited grate area and consequently, if it is 
desired to get the utmost steaming capacity out of the 
boilers, a good coal must be used, otherwise toferior 
coal will necessitate the use of special 3&re grates wdth 
steam jets, etc., to force the boilers as much as possible. 
It sWms to me that for some reason (which it is 
dif&cult to understand) many colliery engineers are 
prejudiced against the use of water-tube boilers, but 
they are coming more and more to the front and there 
is no doubt that if it is desired to burn unsaleable and 
inferior fuel, it can only be done satisfactorily and econo¬ 
mically in water-tube boilers wdth eitlner induced draught 
or balanced draught. . 

'The author deals with the use of coke-oven gas to be 
ut^i 2 ed either in gas engines or under boilers, and this 
is a subject to which I have given a considerable amount 
of attention,, particularly in connection with a large 
scheme in the Midlands. It is frequently assumed, that 
the thermal efi&ciency ’of gas engines is two or three times 
as high as that of steam turbines. Tliis, however, is a 
ni&talce, and a very exhaustive consideration of the 
whole subject led me to conclude that the ratio of 
power which could be obtained with high-pressure 
steam turbines with gas-fired boilers, to that with gas 
engines using coke-oven gas, was 10: 14; in other 
words, with steam turbines 700 kW and with gas enj^nes 
1 000 kW could be obtained with the same consumption 
of gas. The calorific value of the gas was 400-460 
B.Th.U. per cub. ft. and it was assumed tliat it required 
3*76 cub. ft. of gas to evaporate 1 lb. of water at. 212*' F. 
into steam at 160 lb. per sq. in. pressure and 160 deg. F. 
superheat. In connection with this report I prepared 
some tables which are shown here as Tables A, B, C and D. 

These tables are so arranged tliat the figures can be 
easily adjusted to suit varying conditions, and the 
conclusion to which they led me was that it would 
be far better to adopt water-tube boilers (gas-fired) and 
steam turbines, in preference to gas engines, as I felt 
that turbines were much simpler, would require less 
attention in running and, although the therm^ efificiency 
was not so high as with gas engines, the commercial 
efficiency, i.e. the cost of current produced, was greater. 
It would be of interest if the author would* give some 
information on this point, as I think that his company 
have installed gas engines, also high-pressure and mixed- 
pressure steam turbines. } 

As an example of what can be done with boiler plant, 
I recently inspected a modem installation of Babcock 
and Wilcox boilers, consisting of four boilers each of 
30 0001b. capacity perhour> and 160 lb. per sq. in. working 
pressure. They were burning (on chain-grate stokers) 
refuse coal and dirt which had been lying on the pit- 
heap for years, togeth^ with 26 per cent of small coal 
of an inferior quality. The result was a savmg exceed¬ 
ing £2 000 per month in the cost of steaming, and it was 
expected that the whole cost of the boilers! would be 


saved in from 1| to 2 years. The original boiler plant 
consisted of 18 Lancashire boilers, each 30 ft. long by 
about 8 ft.. diameter. The saving in stokers' wages 
alone by introducing water-tube boilers with chain- 
grate stokers, and a proper means of distributing the 
coal to the boilers, exceeded £60 per week. 

Fan drivings —^The author refers to the question of 
drivmg colliery fans by synchronous motors. I entirely 
agree with this provided that the fans themselves are 
driven by ropes or belt, and I think that this method of 
driving has very considerable advantages as it enables 
the speed of the fan to be varied by changing the pulleys 
at very small cost.' It is particularly useful where 
collieries are being developed^ and it is only neces¬ 
sary to run the fan at a low speed in the early days. 
I have used cascade motors designed for two-thirds 
and full speed. This is a useful arrangement, so 
much so that in one colliery we found that, although 
the colliery company estimated that they required 
the full capacity of the fan at full speed, we 
ultimately found that at two-thirds of full speed we 
were; able to give tliem the ventilation they required, 
i.e. vnth about half the original water gauge estimated 
as necessary and two-thirds of the. volume of air. 
I have also used for fan drives ordinary slip-ring 
induction motors with phase advancers, .with very 
satisfactory results. It is, however, very important, 
where it is proposed to drive fans electrically, to consider 
what the cost will be for current, and in connection 
with a drive of this description—^for which a supply 
had been taken originally from a supply unciertaldng— 
the following comparative results between electric drive 
and steam drive were obtained — 

Capacity of fan, cub. ft. per min. .. 360 000 

Water gauge, inches .. .. 6 

An: horse-power . 

/360 000 X 6 X 6'2\ ; 

I- 1, say •• 300 * 

33 000 ^ 

Brake h.p. of fan at 70 per cent efi. 426 ; 

Units per hour i 

(426 b.h.p. X 830 watts per h.p.) ,360 

Units per annum 

(360 X 8 760) . 3 066 000 

3 066 000 units at 0- 6d. per unit .. £6 387 per annum 

3 066 000 units at 0* 33d. per unit ., £4 216 per annum 

3 066 000 units at 0*26d. per unit .. £3 194 per annum 


I investigated, this to see what the probable cost would 
be if the fan were steam-driven, with thd following 
result:— 


Fan requires, say, h.p. 

Steam per b.h.p. per hour, lb. i 
Total steam per hour, lb. .. 
Evaporation per lb. of coal, lb. 
Total coal per hour, lb. * .. 
Hours running per annum .. 
Tons of coal per annum 
/I 214 lb. X 8 760\ 

. (-2 240-)' ; 

Boiler coal per ton, say , -. ] 


.. 426 

' 20 

i .. 8 6C0 
. •• 7 

1214 
.. 8 760 


: .. 4 800 
10s. 


Approximate cost of a compound high-spUd steam 







Table A. 

/ Curreni Reduced, fy One 1 000-6 Grts Engine, and lOO-kW Generator with Coke-Oven Gases of a Calorific Valtte of 400-450 B.Th.U. fier cubic foot. 


640 
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Note : With lower load factor than 60 per cent, cost could possibly.be reduced due to reduction in operating staff. 







Table C. 

Cost of Current produced by Two 250-ATF Heciprocating Sets (,= 600 kW) with Two Lancashire or WaUr-tuhe Boilers. Steam Pressure 160 lb. per sq. in. 

(gauge); Si^erheat 150 deg. F.; Vacuum 26 in.; Coal 125. per ton. 
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Note: If coal used for make-up steam during hours exhaust available, the consumption and cost per kW can be obtained by reference to table of 
high-pressure turbo costs* 
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engine with fl 3 rwheel and one Lancashire boiler 30 ft. by 
9 ft. 3 in., including boiler seatings, etc., say £4 000. 

Running cost per annum : 

Capital cost .. ... ,. ..£4 000 £ 

Depreciation at 7| per cent. ... .. .. 300 

Interest at 6 per cent .. ,. .. ,. 200 

Coal .. .. .. .2 400 

Stokers’ wages, including ashmen and boiler 

cleaners, proportion only, say •. .. .. 300 

Oil, stores and incidentals, say .. ,. .. 100 

£3 300 


Assuming 3 066 000 units required for the electric 
drive, it means that the comparative cost which could 
be paid for current would be 


£3 300 X 240 
3 066 000 


== 0-26d. per unit. 


^ I have assumed in this case that the amount of atten¬ 
tion required for looking after the engine would be the 
same as that in looking after the motor. It is usi^al 
to arrange fans in collieries so that they can be looked 
after by the compressor driver. 

A ir compressors ,—^The author refers to the use of 
air compressors and there is no doubt that compressed 
am is being used very largely in collieries, as in many 
pits it is impossible (or at any rate unwise) to put elec¬ 
trical machinery into positions where compressed-air 
plant can be installed. I refer particularly to coal- 
cutting, conveyers at the face, auxiliary haulages, main 
haulages, hand-drills, percussive coal-cutters, etc. The 
vertical types of compressor as made by Messrs. Beiliss 
and Morcom and others are rapidly coming more and 
more to the front, and are undoubtedly most reliable 
and satisfactory pieces of machinery, lending themselves 
adi^ably to electric driving. It is undoubtedly 
desirable to have the compressors at the surface, as 
coal-cutters require clean air if they are to continue 
to work satisfactorily and it is often very difficult (if 
not mpossible) to get a supply of cold water for cooling 
the air cyhnders underground. In addition, the receivers, 
if underground, are very difficult to get into position! 
The sjmchronous type of motor is undoubtedly the best 
to use if there is ^y question as regards power factor, but 
supply undertakings, in some cases, do not raise any 
difficulty where the power factor is about 0- 8, and under 
^ese circimstances slip-ring motors can be installed. 
I agree with the author that salient-pole motors can 
be adopted, but it is desirable under all circuinstances 
to take this matter up with the compressor makers, so 
that they may design their compressor and the 
of. unloading, etc., to suit tiie motor. In a number 
of instances we have found it exceedingly expensive 
to run electrically driven compressors from an outside 
supply, and I give as an example what the approxi¬ 
mate cost would be for operating an electrically driven 
reciprocating air compressor :— 


'ty of compressor in cub. ft. per min. .. 6 OOO 

e h.p. of motor, say. 1 OOO 

'5dng per annum, i.e. 16 hours per 
270 days , . ... 4^20 


Units per annum 

(1 000 h.p. X 830 watts per h.p. at 90 per 
cent efficiency x 4 320) .. .. .. 3 586 600 

Cost per annum of 3 686 600 units at 0-76d. 

per unit .. £11206 

Cost per annum of 3 685 600 units at 0 • 66d. 

per unit .. '.£9 860 

Cost per . annum of 3 686 600 units at 0*6d. 
per unit .. ... .. £7 470 

In most cases it will be found much more economical 
to use steam for operating colliery compressors, and 
still more economical when the steam can be utilized in 
mixed-pressure turbo-generators. The following figures 
will make this clear :— 

Assuming that a compressor of the size mentioned 
(namely, 6 000 cub. ft. per min., 76 lb. working pressure, 
and requiring 1 000 elective h.p. to operate it) is to be 
steam driven, this would involve a boiler plant consisting 
of two Lancashire boilers or one water-tube boiler, 
capable of evaporating 20,000 lb. of steam per hour and 
suitable for, say, 160-160 lb. pressure, complete with 
superheater and economizer, together vrith feed pumps 
and piping, steam pipes, suitable housing and a propor¬ 
tion of the cost of chimney, which I estimate at £7 000. 
The working costs will therefore be :— 


Capital expenditure.£7 000 £ 

Depreciation at 7j per cent per annum ,. .. 626 

Interest at 6 p^r cent per annum.360 

Coal 4 850 tons, at 10s. per ton .. ., ,. 2 426 

Stokers, ashmen and cleaners, say .. .. 600 

Insurance, say . .. ,, 50 

Repairs .. 

Sundries and incidentals ., .. .. ., 200 


£4 200 

The current consumed per annum under similar 
working conditions would be:— 

Units per annum [hours running (4 320) x 830 

units per hour] . 3 686 600 

Cost per unit which consumer could pay to 
put steam and electricity on same basis 
/£4 200 X 240\ 

\ 3 685 600 / . 0*286d. 

The whole question, however, as to whether colliery 
fans and air compressors should be operated by electricity 
or steam, depends entirely upon the price at which supply 
undertaking can supply current, and in order to meet 
this condition I have (in many agreements wliich I 
have made for cHents) called upon the undertakings to 
give the supply at varying rat^ for the following pur¬ 
poses: fans; main shaft pumps; air compressors; 
winding; and general work, including haulages, shop 
machinery, screens, etc. In addition to this, as supply 
undertakings are genially willmg to give a night supply 
at a lower price than a day supply, separate and reduced 
rates are agreed under these circumstances. 

Electric winding,— author*s description of electric 
wmding (carried oul, I assume, at the Powell Duffryn 
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Co.'s pits) is vary interesting to me, particularly as . I 
have been represented by a good many people as an 
opponent of electric winding. .This is an entirely erro¬ 
neous assumption, but I still maintain that whilst 
nobody appreciates how thoroughly suited electricity 
is for winding, it again resolves itself into a question 
of cost, not only for the electric winder itself, but more 
particularly the cost of operation. Therefore the use 
of an electric winder in preference to a steam winder 
depends upon the cost per unit at which current can be 
supplied to the winder. When I read my paper entitled 
'' Electric Winding in Main Shafts considered Practically 
and Commercially,'* * I finished my reply to a very long 
discussion with the following words :— 

'' I admit, as I have done in the whole of my remarks, 
not only in this meeting but elsewhere, that there is a 
considerable field for electric winding in small collieries 
and for small outputs, but I do not think that when coal 
is clieap, and where the steam has to be generated at the 
colliery and the winding is heavy, electricity can compete. 

The general conclusions I draw as regards electric 
winding are as follows :— 

" 1. For small collieries there is a future for electric 
winding if tlie coal used under the boilers is of any 
considerable value. 

** 2. In large collieries there is a future for electric 
winding if the fuel or coal used under the boilers exceed 
8s. to 10s. per ton. 

3. Electric winding cannot be economically applied 
in collieri^ for very large outputs where the horse¬ 
power required for winding is greatly in excess of the 
horse-power required for driving the other machinery, 
both on the surface and underground. 

'' 4. In collieries generally, particularly those in 
which electric winding is adopted, colliery-owners will 
be well advised to take their current from the supply 
companies, assuming that they can purchase it at a 
reasonable price, even if this price is slightly in excess 
of what they can make the current tliemselyes. The 
amount of capital required for the generating plant 
being so heavy, it could usually be applied to much 
greater advantage in increasing the electric plant or 
improving other machinery about the collieries." 

Since I made these remarks (20 years ago) the cost 
of- electric winders has fallen very considerably. The 
value of coal at the colliery has risen considerably above 
the figure at which 1 then based it, namely 8s. to 10s. 
per ton, and in addition supply undertakings—in order 
to assist the adoption of electric winding—^have made 
considerable concessions in the cost of current for winding 
purposes. For moderate sized electric winders up to, 
say, 1 000 h.p., it appears to me that the simple wind^ 
with either plain drums with balance rope or semi- 
conical drums is the cheapest and (taken all together) 
the rriost efiSicient type of winder that can be installed, 
provided it is equipped wiih' suitable control gear of 
the Allen West or similar type, with three-phase slip¬ 
ring motor. For larger winders it is necessary probably 
to adopt the semi-conical drum with d.c. motors and 
Ward-Leonard control, but this involves the use of a 
motor-generator with heavy* flywheel, and I very much 
question whether the efficiency of this apparatus is any 

•1906, vol. 36, p. 4&9. 


higher than that of the simpler type of winder and 
there are, of course,: more links in the chain to gd 
wrong. 

Electric winders should not, in my opinion, be run at 
too high a voltage, and the ivinding in the stator and 
rotor, in the case of three-phase motors, should be so 
designed that only straight bars insulated with mica 
are used, so that repairs either to the rotor or stator can 
be very easily and inexpensively carried out. I have 
seen a very great deal of time and money lost due to 
high voltage being used on the winding motors, causing 
breakdowns and stoppages of the pits. My general views 
as regards the efficiency of "the two types of winders 
can be gathered from the discussion on Mr. Heather's 
paper.* 

I note that the author refers to a winding plant in a 
colliery in the Doncaster district (I presume he means 
Harworth) where they have installed an electric winder 
operated on the Ward-Leonard system by a high-pressure 
turbine with flywheel, attached to a d.c. generator. 
This system of winding is, I believe, claimed to be novel, 
but a proposition on precisely the same lines was put 
forward by me to a colliery (also in the Doncaster area) 
about 20 years ago. 

Cost of the two steam winders at £6 000 .. £12 000 

The cost of electrical plant, consisting of two 

generating sets and two winders .. • • £42 000 

. The total saving in the coal consumption per annum 
which could be shown at that date was £1 600, which 
was considered insufficient on an additional capital expen¬ 
diture of £30 000, and the steam winders were finally 
adopted. At the present time it is becoming a standard 
practice in the Doncaster district, where tliere is no cheap 
supply of power, to install steam winding, plants with 
mixed-pressure turbines, and also to use steam-driven 
compressors and fan engines, the exhaust steam being 
utilized in the turbines. I am fairly confident that this 
is themost economical scheme to adopt for isolated 
pits, taking everything into consideration. Of course, 
I refer to pits of, say, 800 to 1 000 yards in deptli 
and with outputs of about 6 000 tons per day. 
These remarks do not in any way detract from the 
suitability of electrical winding for smaller pits and 
where the conditions are such that they can be eco¬ 
nomically used. 

It would be very interesting if the author would 
give some particulars in connection with the generating 
plant at the collieries to which he refers, the cost at 
which current is being produced at the power station, 
and also the cost at which it is being charged to the 
various collieries undw his control, because unless one 
has this information it is quite useless to attempt to 
decide whether steam winding or electric winding should 
be adopted. It appears, however (it the author's 
remarks apply to the Powell Dufiryn Co.), that they 
have an excellent opportunity of producing in their own 
power station or stations a very large output of current 
at a very low price, by utilizing their exhaust steam 
in mixed-pressure turbines, usmg coke-oven gas and cheap 
and unsaleable fuel, and under these circumstances no 
* Joumdt IMS., 19X1, vol. 47, p. 600. 
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doubt the correct thing to do is to use electricity 
to the greatest possible extent. Some of the author’s 
figures m connection with the operation of the winders 
approximate very closely, to the figures which I as- 


to Winding” already 

[The author’s reply to this discussion will be found 
on page 663.] 


North-Western Centre, at Manchester, 3 March, 1926. 


jr. F. Perry; SpeaMng generally, I am in 
entire agreement with the views and facts expressed 
by the author. My own experience confirms the 
remark he makes concerning the relative maintenance 
^t of Ward-Leonard and three-phase winders, and I 
have found in a large number of cases which have come 
under my observation that the Ward-Leonard winder 
K actu^y vCTy much cheaper to maintain than the 
three-phase winder. On first thought this seems rather 
suip^mg when it is remembered that there are a 
p-eater number of machines involved. In practice 
however, these machines give practically no trouble 
and m many cases under my notice have run for years 
without requiring anything more tlian the ordinary 
cleamng and oiling. In the case of a three-phase 
^uipnient the stator reversing-switch is called upon 
to handle heavy currents very frequently, so that it is 
not surprising that switch contacts and oil require 
frequent attention and renewal. In this connection it 
IS mterraftng to.pote that the maintenance charges for 
^-break contactors are very much less than for the 
od-imm^ed type of reversing contactors. Then, again 
“fjteoller must be provided with a cooling 

from se^erit, and for certain classes of cooling water 
^ feature mvolves fairly frequent attention. There 
Me one or two points m the paper on which I do not 
see eye to eye with the author. For instance I entirelv 

motor for driving theflywheel equipments. On page 631 
the author suggests that the installation of a^syn- 
^onons motor to drive the Ward-Leonard equipments 
for the winders results in a lower operating cost toan 
the common practice of installing fl^heels I caSS 
a^ee ^th the author that money carbe more suSy 
generating plant and transmission 
s^tems rathM than equalizing individual winding 
.While conditions certainly exist wherf 
^ might be perfectly true, the statement nS 

^t toe mnder load bears to the total genSng 
capacity of the system to which it is coime^S S 

Sng statement with winding schedules 

^sing toge tonnages from a considerable depth. In 
my opimon that is probably one of the exceptions 
Heavy fluctuating peaks should be isolated as n^ as 

Ked to torw°“iV^ addition of a 

Ward-Leonard equipment will prove a 

to?peX“ solution than an attempt to^bsorb 
power system generally. The actual 
fficiency, i.e. the kWh per ton hoisted, may be hi VTifr 

« -'Weil’s 

ywneel. For the coriditaons outlined, by the author I 


am of toe opinion that toe Stubbs-Perry scheme would 
prove more economical than either of the other two 
alternatives. Some tone ago I carried out an investiga¬ 
tion to compare the capital and operating costs of a 
power scheme for a group of eight collieries, (a) a central 

purposes, and 

(6) a Stubbs-Porry equipment on each winder, and a 
central station for the auxiliary load only. The winders 
in qu'^tion were large equipments and toe average 
mput to toe flywheel equaUzer equipments was approxi¬ 
mately equal to toe auxiliary load demand at toe 
0“e 7-hour coal-winding shift per 
day, the total annual operating cost of scheme (6) was 
per cent less than that of scheme (a). For two 
7-hour coal-lading shifts per day toe difference was 

apparent from the 
mvestigafron l^t m order to be competitive witli 
scheme (6) toe load factor on («) required to be 76 per 
cent, whereas ^e highest possible with a pure colliery 
load is about 60 per cent. The author’s suggestiSn to 
increase toe capacity of toe generating plant, trans- 
m^on etc., on account of the peaks, tends to 
reduce toe load factor still further and. apart from any 
question of capital, reduces toe overall efficiency of the 
whole system. In schemes (a) and (b) the winders 
we ^u^ed. If the flywheels had been omitted toe 
capit^ cl^ges would, I am sure, have been increased 
^ proportion to toe economies effected on the 
^hWoad W of toe wheels. Synchronous motors 
c^nly ^ve toe advantage of power factor correction 
“ “y opinion, effect economies of 
compensate for the interest on 
on required if the peaks are reflected 

the gen^ating plant. The economic principle under- 
l^g the Stubbs-Perry scheme rather emphasizes the 

to meS®+r“*' ^ developed primarily 

from ^^2 isolated colliery where winding 

from gr^t depths was required and no bulk supply of 
dectacity w^ avmlable. Under these conditions dectaic 
^ders c(mld only be considered in connection with a 

toe surprising to find that 

ae initial capital cost put toe scheme at a great dis- 

v^tage M compared with the more gradual develop- 

tebLfs S engines and mi.xed-preSsure 

STw ^®.“*>'<^«ntion of toe Stubbs-Perry scheme 

steam-engine builders and offer , a 
^eme which can be developed in easv stages without 
^y reference to the future power scheme required by 
remainder of toe load. By. toe 
turbine to . drive toe Ward-L^nard. 
g^ators, vmdmg can commence without any com- ’ 
mitoente as to a general powe? scheme, and is therefore: 
fciancially. comparable with , toe steam engine ;and. 
mixed-pressure, tufbme arrangenaent frpm this capital 
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point of view. It has, however, one or two distinct 
advantages over the above scheme which might be 
•enumerated as follows :— 

Given favourable conditions it is cheaper in first cost I 
to install, and unlike the steam engine and mixed- 
pressure combination the winder load is separated 
entirely from the remainder of the load about the 
colliery. 

It is also possible to work in conjunction with public 
supply, the Stubbs-Perry winders relieving the 
power system of the big fluctuating peaks due to 
winding, and the power supply taking all the 
remainder of the steady running load about the 
pit. 

The inclusion of an induction motor on the opposite 
end of the flywheel equipment to the turbine 
enables the alternative electric supply, whether 
from a public supply company or the colliery 
power station, to act as a stand-by to the Stubbs- 
Perry turbine and its boiler plant at the colliery. 
In the majority of cases tliis feature might also 
be used to advantage during the non-coal-winding 
periods as the turbine can be shut down, boilers 
at the colliery banked and the equipment operated 
as an ordinary Ward-Leonard equipment from the 
available supply. 

From a large number of investigations I have made 
I feel convinced that even in the system described in 
the paper, Stubbs-Perry winders on some of the larger 
winding equipments would show up to advantage. I 
should like to ask the author whether the efficiency of 
92*7 per cent given for the low-speed winding motor 
at the foot of page 629 has been verified on the actual 
machine, because this figure seems to be very high for 
this type of motor. Unless he can verify this figure 
his statement concerning the alternative method of 
gearing d.c. motors to the drum is, of course, misleading. 
According to the figures given in the paper the effi¬ 
ciencies are* practically equal, the difference against a 
geared equipment being only 0* 2 of 1 per cent. 

Captain I. Mackintosh : The author has naturally 
taken the conditions at a large group of collieries, as 
f;he group with which he is connected is one of the 
largest in the country. When he talks of the all¬ 
electric pit he has considered it from this point of 
view, where he has plenty of generator capacity; but 
from the point of view of a large single colliery the 
all-electric scheme has a serious rival in the mixed- 
pressure turbo set, which will entail winders, and 
probably fans, being steam-driven, to supply the 
necessary exhaust steam for the turbo. Of course the 
allrelectric pit has' so many advantages that where 
possible it is the ideal to aim at. Not the least im¬ 
portant of its many good features are the ease and 
;accuracy of obtaining running costs, because, if suitable 
instruments are installed, each particular unit of the 
plant can be checked and a thorough investigation 
made of any uneconomical unit in order to put it on a 
more economical b^is ; and by these same instruments 
any. alterations which may. have been made can be 
proved beneficial or otherwise. “V^Tiile agreeyig that 
motors of. above 160 h.p. for pump drives should be 


normally of the wound-rotor t 3 rpe, I am using squirrel- 
cage motors of a much greater horse-power, and these 
are not giving any trouble. I should be glad if the 
author would say in what way he has found the auto¬ 
transformer starter so unsatisfactory for starting a 
pump motor. He is inclined to favour the steam drive 
to the electrically-driven compressor, but surely a 
synchronous motor-driven compressor would be a great 
help in improving the power factor of the system. 
Again, if the compressors are electrically driven and 
cutting is .done on the afternoon and night shifts, they 
should be a great help in improving the load factor on 
the central station. The particular group of collieries 
with which the author is concerned has a central 
compressed-air station, with large air pipes going for 
miles up the Rhymney Valley, a point of interest 
being that all the joints in the pipe line are welded. 
I think I am right in saying that this system has given 
very satisfactory results, and that pipe troubles have 
been very few, at least until very recently, when a 
landslide broke up some of the pipes, causing the pits 
to be closed down for a few days. I have often con¬ 
sidered that the ideal compressor job would be to have 
the compressor as near to its work as possible, in order 
that there may be as little risk as possible of loss in 
air pressure; of course on the other hand it may have 
been proved conclusively that the central air station 
is a more economical scheme, and, if that is so, we 
should be grateful to the pioneers for having the courage 
to install this scheme. With regard to winding, there 
is no doubt that the Ward-Leonard system is the best 
method of electrical drive for avoiding heavy peaks on 
the central station, but there are so many links in the 
chain, the failure of any one of which would upset the 
output for the day. The a.c. motor reduces these links 
to a minimum, and on a large group of collieries the 
fluctuation caused by the operation of a number of 
such winders would probably cancel out, without 
affecting the central station. In addition, the Ward- 
Leonaixk set has a very low power factor, and the con¬ 
verter often runs for many hours on light load. The 
Ward-Leonard set has also the added advantage of 
being able to complete the wind by absorbing power 
from the flywheel if the supply fails. Although I 
regret to say so, I think that, even in these progressive 
(Jays, the steam winder is more reliable than the electric 
winder, and in the case of breakdown could probably 
be more easily tinkered up to complete the shift. The 
author refers briefly to switchgear and points out that 
compound-filled gear will meet most requirements. 
There is no doubt about this. Compound-fiUed gear 
has, however, one serious drawback; if it has to be 
dismantled a great deal of time is wasted in melting the 
compound, and if, on an emergency, it is necessax}?- to 
remove the gear in qnick time, the compound would 

• be a great nuisance. Perhaps the author will say if he 
thinks it necessary to install gear of this description, 
or any type of flameproof gear on a screening plant at 
the surface of a mine, as are apparently required under 
No. 127 (iii or v) of the General Regulations as to 
the use of electriciity under, the Coal Mines Apt, 1911. 

Mr. G. A. Juhlin : The author places the Ihnit on 

• squirrel-cage motors at 160 h.p., mainly on the basis 
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that auto-starters are unsatisfactory. It is somewhat 
difficult to accept this as being a definite limitation on 
the size of motor of the squirrel-cage type. The com¬ 
pany with which I am associated has 3 OOO-r.p.m. 
motors of 400 h.p. of the squirrel-cage type in operation. 
These have been running satisfactorily for eight or 
nine years. I think it would be a great pity to condemn 
the type of motor on account of the starter. The 
author, however, advocates the use of salient-pole self- 
starting synchronous motors, and has apparently had 
satisfactory results from this class of motor. It is to 
be presumed that his experience in this direction 
includes the type of synchronous motor for which 
auto-starters are used, and as some of these motors 
have an output of 1 150 h.p. it would seem that it is 
possible to obtain auto-starters which are satisfactory 
in service. With regard to the use of clutches, the 
author suggests the possibihty of the use of a friction 
clutch. It seems to me that the S 3 mchronous induction 
motor provides a better solution in cases where the 
full-load pull-in torque is required, as with this type of 
motor it is possible to dispense with the clutch. Ob¬ 
jections are sometimes raised that the air-gap of the 
Synchronous induction motor is not as large as that of 
the salient-pole machine, but when it is considered that 
there are millions of horse-power of induction motors 
in satisfactory operation, there seems to be no reason 
for objecting to the synchronous induction motor on 
the score of the small air-gap, as this type of machine 
has in general a larger air-gap than the ordinary in¬ 
duction motor. It is interesting to note that the 
magnetic clutch is finding favour in the United States 
as a substitute for the ordinary friction clutch. The 
author refers to the salient-pole synchronous motor for 
driving compressors, and states that it was not until 
1918 that it was considered suitable. I think that the 
reason which retarded the use of the salient-pole self¬ 
starting synchronous motor was that the electric supply 
undertakings would not permit this ty^e of motor to be 
comected to their mains, owing to the starting current 
being high. In the United States this type of motor 
has been in general use for compressor work for many 
years, and as long ago as 1913 we actually supplied 
some motors for driving compressors for use abroad. 
In comparing the efficiency, the author claims an 
addition of per cent for the salient-pole machine, 
as against a S3m.chronous induction motor. It is not 
clear whether the 93*2 per cent efficiency given for the 
synchronous induction motor is at unity power factor 
or at 0*9. The figure appears to be correct if 0*9 
power factor is assumed, but in order to put it on the 
same basis as the salient-pole machine which is given 
at unity power factor, a figure of 94»2 per cent should 
be taken for the synchronous induction machine, which 
only gives an advantage to the salient-pole machine of 
IJ p^ cent. The author also favours the salient-pole 
machine because it has been found possible to dispense 
with the bearing between the compressor fl 3 rwheel and 
the rotor, due to the large air-gap. We have actually 
supplied S3mchronous induction motors with the rotor 
bolted direct to the flywheel. This of course may not 
be satisfactory in all cases. The figures given com- 
paring^the transmission of compressed air wth electrical 


transmission are of great interest, I believe that 
similar comparisons were made , when the compressed- 
air plant was installed on the Rand a number of years 
ago, and the conclusions arrived at were apparently 
similar to those at which the author arrives in the 
present case. 

Mr. W, A. A. Burgess : It is not clear that the 
author fully utilizes the sensible heat of the coke-oven 
gases. That has been found at times to be a very 
appreciable amount of the waste heat available from 
coke ovens. With regard to his conclusions as to the 
burning of coke breeze and coke ashes, he appears to 
consider it necessary that medium volatile coal should 
be used to sandwich coke ashes. I have burned many 
thousands of tons of very fine coke breeze—so fine that 
it could be blown about—^without the use of any other 
fuel whatever and have done so with chain-grate 
stokers of the underfeed type. It was found necessary 
to keep the fire between 9 and 10 inches thick to get 
the best results, and an efficiency of 56 to 60 per cent 
was obtained, dependent on the class of coke. Under 
these conditions the output of the boiler was somewhere 
about 66 or 67 per cent. We also obtained a large 
stock of washery setthngs of high calorific value 
(13 000-14 000 B.Th.U.) when dry, but getting the 
moisture out was the great difficulty. It was found to 
be quite burnable in conjunction with coke bree;ze and 
appeared when dry to be a natural pulverized fuel, 
and I suggest it may be found possible to use washery 
settlings in this way. It was singularly free from dirt 
and really good coal in a very fine state of pulverization. 
My own long experience of compound-filled switchgear 
(17 or 18 years) has proved that its use has been amply 
justified in colliery working as well as in power supply 
under most onerous conditions. The charge of in¬ 
accessibility, so often levelled against metal-clad switch- 
gear, is a myth. It is so made that accessibility, in the 
sense of access to live conductors, is entirely unnecessary, 
and the experience of renewal of the extremely small 
number of breakdowns in the whole of that period has 
proved that for renewal and extension it is in every 
respect as flexible as cellular gear and not nearly so 
dangerous. I have had considerable experience of 
power factor correction by means of Kapp vibrators, 
and from a sceptic I have been converted into a firm 
believer in their use. The particular case which I 
have in mind was for a* 460-h.p. motor on compressor 
duty. This apparatus gave excellent duty for a 
period of six years to my knowledge, and required no 
attention other than the renewal of brushes. The 
author's remarks in regard to the similarity of compressor 
load and electrical load have been borne out by my 
experience in a large dye factory. They ran so closely 
that every extension of manufacturing plant was 
guaranteed to bring a similar extension of both services. 

I caiinot entirely agree with the author's sweeping 
condemnation of oil-immersed contactors. My experi¬ 
ence is that that is a matter of design entirely, I 
loxow of such contactors which have been in use for a 
large number of years on very heavy duty, and these 
have not given any trouble. Some of them have never 
been torched except for routine examination, and have 
never been renewed. That does not support tlie con- 
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elusion dtawn by the author, but his conditions are 
admittedly onerous and he may not have been par¬ 
ticularly fortunate in his selection. I certainly should 
not like to have in a colliery winding house or engine 
house an air-break contactor of the design shown 
operating on a 3 000-volt circuit either by solenoid or 
compressed air, more especially when the rest of 
the switchgear installed could be handled without 
danger. Excellent though the paper is in many 
respects, it rather belies its title. In my opinion 
it ought to have been entitled Electricity on the 
Surface of Mines,'* for we are given very valuable 
information regarding the use of electricity on the 
surface but none reg^ding the use of electricity under¬ 
ground. The author appears to pin his faith to the 
use of compressed air below ground. Now although 
compressed air is quite suitable in very large bulk, 
when it comes to be applied to small apparatus and 
when welded joints cannot be used, the amount of 
leakage that cannot be detected by any means other 
than trying to add up the indication of the various 
metering units, all of them more or less unsatisfactory, 
is very remarkable. I think there is no need to-day to 
stress the point that it is perfectly safe to use electricity 
underground if reasonable care is taken. I am reminded, 
however, that such care is not always taken and I 
have se^ a case recently of sound gear, sound motors 
and,sound equipment generally, installed below ground— 
expensive plant and carefully protected cable—^but 
with every cable gland left open to the access of 
moisture and air, and the gear left in such a condition 
that it could readily be Hooded. One might just as 
well use compressed air bubbled through, water into a 
bell-jar collector. If electricity is used below ground— 
and it is being increasingly so used—reasonable pre¬ 
cautions need to be taken, and particularly with portable 
apparatus. The safe use of portable apparatus in 
mines demands the use of adequate interlocldng systems. 
There are many ways of interlocldng a switch with a 
plug device for a trailing cable so that a plug cannot be 
put in or pulled out, but when one comes to the motor 
end it is not so readily done, particularly if the coal 
cutter or conveyer, or whatever it may be, is some 
160 yards away. To meet that condition Mr. Fisher, 
some years ago, introduced an electrical interlock 
which at the same time demonstrated the soundness of 
the earth connection. It had one drawback, however, 
in that he used full phase voltage to earth—^through a 
resistance, it is true—^for his interlock circuit. This 
meant that when the plug was withdrawn at the motor 
end it tripped ihe switch, but if the pilot socket should 
at any time be making a sufficiently good contact witla 
earth through the body of a man a fatal shock might 
be received in the event of an attempt to close the 
switch at the far end, and an insufiicient contact with 
an earthed rope or rail might permit dangerous sparking 
on a similar attempt. There is now available a similar 
device which operates in conjunction with an eartlied 
pilot system, and gives the desired interlock. There is 
a low voltage on the pilots, the general arrangement 
being practically the . same as that suggested by Mr. 
Fisher, except that it embodies a small potential 
transformer. This system, which is covered by the 


Williams Rowley patents, is quite efficient but the 
potential - transformer is an added complication and 
expense. There are now, however, at least two 
systems which give the required low-voltage interlock 
without the use of a potential transformer, one being 
manufactured by Messrs. Re)T:olle and the other by 
Messrs, Switchgear and Cowans. These S 3 ^tems cost 
little to install and are of great use in mines and also 
on industrial plants, since they prevent the circuit 
being broken by a plug under any condition without 
first opening the main switch. They also definitely 
ensure that the earthing circuit is complete and perfect. 
It need hardly be emphasized that it is just as important 
to be sure that the eartiling circuit is complete on 
industrial plants as it is below ground. 

Mr. S. R. Mellonie : Referring to the use of auto¬ 
transformers for starting s3nichronou3 motors, the 
author has certainly been unfortunate, and his troubles 
point to defective design. He states that the trouble 
was due to the arc drawn out from the " starting " con¬ 
tacts held on until the running " contacts were closed, 
thus short-circuiting a section of the transformer. Wheh 
describing the improved methods, he further states that 
step .6 “ short-circuits the transformer." By reading 
between the line^^ the author's meaning is clear, but 
the wording is unfortunate. A method which has been 
used for the largest synchronous motors employs three 
oil switches suitably interlocked to ensure correct 
sequence of operation. The two switches controlling 
the transformer are tripped out by the operation of 
closing the main switch. Fig. 6 seems to make extra¬ 
vagant use of overload coils. These are shown coupled 
two in series and shunted by a time-limit fuse. An 
objection to this method is that one plunger invariably 
rises before the other, and the increased impedance so 
produced may overload, the current transformer to such 
an extent that the resulting secondary current is 
insufficient to operate the second coil. A single trip 
coil operating through mechanism is a sounder pro¬ 
position, -nThe author mentions on page 634 the eco¬ 
nomical operation of Ward-Leonaxd sets having duplicate 
generators and duplicate motors by changing over the 
armature connections. This is a valuable feature of 
such equipments, and in a recent installation of two 
winders any of the four driving motors can be supplied 
by an^’’ of the four generators. This flexibility is 
obtained by the use of a few knife switches as, for the 
currents usual (2 000 to 4 000 amperes), plugs are not 
desirable owing to the difficulty of maintaining a good 
contact surface. The use of an automatic circuit 
breaker in- the Ward-Leonard armature circuit is an 
undesirable feature. There appears to be a divergence 
of opinion on this question, engineers in some parts of 
the world insisting that the breaker is necessary, and 
otliers objecting to it as a dangerous and unnecessary 
device. The opening of the connection between the 
generator and the motor prevents the use of any form 
of regenerative control, and may leave the mechanical 
brakes in control during the lowering of an unbalanced 
load. Another alternative is to connect resistances 
across the motor armature immediately the armature 
breaker opens. This gives dynamic braking* but 
. introduces devices which, do not “ fall to safety," The 
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author’s opinion on this matter would be a valuable 
contribution to our knowledge of the subject. Passing 
to the question of safety devices, one can certainly 
picture serious accidents due to the failure of this 
contactor or that small connection. The best policy 
would seem to be that these devices should be as few 
as possible, and that they should all fail to safety. 
Where that desirable characteristic is unobtainable, a 
second line of defence is justified. The additional cost 
of such protection does not appreciably add to the 
capital cost, as the switch and control gear for the 
average Ward-Leonard controller accounts for about 
2 or 3 per cent of the total cost. 

Mr. H. Green; One of the objects of the paper 
appears to be to attempt to disprove the idea that 
collieries generally are worked inefficiently, so far as 
the production of power is concerned. As of course 
the paper merely describes the collieries in which the 
author is personally interested, it only goes to prove 
his own particular case; but I think it will be agreed 
that the collieries mentioned are a very good example 
of efficiency. If, say, a municipal engineer were to 
look round the average colliery he would probably be 
appalled at the apparent waste taldng place. He 
would, however, probably miss one point—that at many 
pits there is a quantity of unsaleable fuel which is 
sometimes difficult to get rid of. Therefore, obviously, 
it should be used for generating power; it would be 
ridiculous to install modem steam-raising plant for the 
purpose of saving fuel which is more or less useless. 
Therefore the old Lancashire boilers remain and give 
reliable service, and the fuel costs are very low actually. 
The ^eat point, so far as colliery plant is concerned, 
is to install plant which will generate power from the 
most unsaleable fuel. The author gives comparisons 
for the generation of current by means of gas engines, 
or, alternatively, using the waste gas under boilers! 
As a result of experience I should say that, without 
doubt, the latter is the better method. Any increase 
of efficiency in the former is very much more than 
counterbalanced by the reliability and lower main¬ 
tenance costs of the latter. In connection with the 
question of power factor correction, the future should 
always be taken into consideration in laying out a 
new colliery, and tlie judicious use of synchronous 
motors for driving d.c, generators and other plant is 
mways an advantage. There are many instances where 
d.c, motors can be used with advantage, and this helps 
o justify the ^ initial outlay for converting sets. I 
CMnot help thinking that we have taken as granted 
alternating current for transmission, and in consequence 
the possibility of the generation and utilization of 
high-tension direct current is being neglected. The 
^thor mentions several types of switchgear and con- * 
trollers. I think there is a field for the appUcation of 
remote-controlled automatic gear. What I mean is 
that controllers and starters generally should be abso- 
lutely fool-proof. Knowing that often it is anyone’s 
job to start a motor, it should obviously only be 
necessapr to press a button and let the controller do 
me A particular application of this would be on 
^hlage gears. One man could easily look after, say, 
two or three haulage gears. Finally, I should like to 


emphasize what I consider to be a great mistake. We 
are apt to electrify a colliery piecemeal, by installing a 
motor here and a motor there. When this is done the 
resultant saving, so far as fuel consumption is concerned, 
is nil, because until at least sufficient motor load is 
added to enable a boiler to be cut off, the stand-by 
charges remain the same and the diminished steam 
requirement is not noticed. If any electrification is 
contemplated it should be of such a nature tliat a boiler 
or boilers can be dispensed with. As regards the 
comparisons between the electrical and compressed-air 
transmission of power, I hardly consider the figures are 
fair, because it is unlikely that the compressed-air 
system would be maintained at its initial efficiency. 
Nobody seems to worry about air leaks, but an electrical 
leak would soon assert itself and call for immediate 
attention. 

Mr. A. B. Mallinson : I have used balanced jockey 
drives for many years and have found them exceedingly 
satisfactory. I should like to ask the author what power 
he has transmitted by them. The largest horse-power 
I have transmitted in ordinary industrial work was 
160 h.p. when it was quite feasible to drive at 9 ft. or 
10 ft. centres with a ratio of 6 to 1. When comparing 
the transmissions of compressed air and electricity the 
author takes 20 000 cub. ft, of air equivalent to some¬ 
thing like 3 000 h.p. How would the table of relative 
efficiency be affected if figures were taken which are 
more applicable to the ordinary colliery—say 6 000 or 
7 000 cub. ft. of air ? I should like to ask the author 
how he expects the colliery proprietor to find the money 
to pay for equipments such as those shown on the 
Intern slides. Certainly many collieries to-day cannot 
find out of tlieir own pockets even a fraction of the 
money required to install such plant. 

Mr. S. G, Lloyd ; A maintenance cost of £160 per 
annum is given in the paper for a set of oil-immersed 
reversing switches. I rather think tlie author is refer¬ 
ring to the old type of hand-operated reversing switches. 
The present-day practice is to use reversing contactors, 
the maintenance cost of which is very small. The 
figure of £160 given for the reversing switches should 
be reduced at least to £30 for oil-immersed reversing 
contactors. Although the maintenance of air-break 
high-tension reversing contactors is considerably less 
than with oil-immersed contactors, the initial cost of 
the air-break type is about four times as great, so that 
even with the reduced maintenance cost the initial 
outlay of the air-break switches is not always justifiable, 
especially on the smaller equipments. W itli regard to 
the two types of controllers, tlie one with the moving 
electroljrte and the other with the moving electrodes, 
the moving electrolyte certainly gives automatic 
acceleration, and the paper clearly describes how this 
is done—^by variation of the amount of electrol 5 rte 
which passes through the electrolyte chamber. The 
other type, generally called the pot type, is simpler and 
not so costly in construction. The automatic accelera¬ 
tion of this tj^pe can also be obtained by means of an 
accelerating device which can now be supplied, so that 
we can use the pot type of controller to meet exactly 
the same conditions as the type in which the electrolyte 
is moving. 
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Mr. G. S. Corlett {communicated) : It is interesting 
to note what rapid progress has been made in the 
electric mining industry during my own business 
experience. I well remember putting in, some 40 
years ago, a small lighting plant at the George Pit 
(one of the many under the author's control) where 
the generator was a Gramme dynamo of about 2 kW 
capacity at 100 volts, and where all the details were 
very bad from a present-day standard. It is almost 
worth while to pause a moment to compare the con¬ 
ditions then and now: then, broadly speaking, there 
were no motors underground; tb-day in round figures 
they total 1 million h.p. Then the technical Imowledge 
available was minute in quantity and limited to the 
select few; now, as matters of everyday routine, 
oscillograph records of the starting current of motors 
are taken. The paper is obviously based on the con¬ 
ditions existing at the group of collieries with which 
the author is associated, and generally in South Wales, 
but these conditions are not to be found elsewhere. 
•For example, the amount of gas given off there is 
enormous, and consequently the standard on which 
the amount of ventilation is based is the dilution of 
this gas to a sufficient extent to render it harmless. 
In many districts the amount of gas given off is so 
small (there are still many pits worked with naked lights) 
that the standard of ventilation is entirely different, 
namely, Sufficient to provide a cool and healthy atmo¬ 
sphere for the worlonen. A good many years ago I 
obtained the following fiigures relating to a Welsh 
colliery which is now, but was not then, controlled by 
the author's company : Ventilating current 300 000 cub. 
ft. per min., percentage of gas in the main return never 
less than 2J. This means that not less than 7 600 cub. ft. 
of free gas was given off every minute, and often more. 
Under such conditions it would be an act of criminal 
folly to reduce the fan speed at the week-ends. On the 
other hand I find it quite a safe commercial proposition, 
in many collieries where I am buying current, to reduce 
the fan speed during the week-ends and holidays, and 
•obtain an appreciable saving in costs. The author 
gives under certain specified conditions 32 units as a 
reasonable consumption per ton of coal raised, and he 
allows 20 units out of these to furnish the neces.sary 
compressed air. In large numbers of collieries within 


my personal knowledge there is either no compressor 
at all or only a small one for operating rock drills and 
the like. At the moment I cannot put forward figures 
applying to some other district, but I bnow that they 
would be widely different. The paper suggests by its 
whole tone that the real problem of supply to collieries 
is narrowed down to two aspects of the case : (^i) Com¬ 
plete electrification vdth high-pressure turbos, . and 
(b) partial electrification with mixed-pressure turbos. 
A third alternative, and one which has increased and 
is bound to increase still further, is the public supply, 
and, in the case of the smaller collieries and single ones, 
such a supply is appreciably cheaper than a private 
supply. The convenience alone of being able to switch 
on any individual motor when wanted, without reference 
to any other plant, is often sufficient under certain 
circumstances to justify the preference. It must, of 
course, be remembered that groups of collieries of the 
magnitude and extent as the author's are few and f^ 
between, and probably nowhere else in Great ’Britain 
would be found another group where the same amount 
of generating and transmission plant would be recjuired 
or justified. In a great majority of cases the groups 
are small, and there are very large numbers of individual 
pits, some large, some small, but in my view very many 
of these could be best furnished with power from the 
public mains. Nevertheless I freely admit that in no 
branch of engineering is it more dangerous to dogmatize ; 
each individual case must be considered on its merits. 
In conclusion, I should like to point out that many of 
tlie problems—such as whether electrification shall be 
adopted or not, and if so to what extent—are determined 
not bv engineering considerations, the estimated savings 
per annum or the other advantages that would accrue, 
but by finance conditions only. The average loss 
per ton of coal raised in Lancasliire, Cheshire and 
North Wales for the last quarter was approximately 
ll^d., and it is not difficult to understand the re¬ 
luctance of colliery proprietors to spend money. If, 
as is ofte]n the case, there is only sufficient capital 
available to equip the interior of the mine, then ob¬ 
viously the supply must be obtained from an outside 
source. 

[The author's reply to this discussion will be found 
on page 663.] 


North-Eastern Centre, at 

. Mn S. A. Simon: The paper, together with the 
discussion, should show what may be considered to be 
the best present-day practice, and should indicate the 
trend of further development and formulate the more 
immediate questions which electrical engineers will have 
to solve in the interests of mining. As electrical 
engineers we are, I suppose, all in agreement with the 
author's conclusion—^that the electrification of the whole 
of the machinery at a colliery can be proved to be a 
sound commercial proposition. The figures given by 
the author, and other similar figures which may emanate 
from the discussion, should be of very material assistance 
to the electrical en^eer in carrying his points. The 
great need of the coal-mining industry in* this country 


Newcastle, 9 March, 1926. 

at present is reduction of cost, particularly of the cost 
of labour. Means must be found of increasing 
output of coal per man employed, and it is the task of 
electrical engineers to devise the means by which 
electricity can assist in this consummation. This should 
be constantly kept in view so that the record of- the 
discussion may be of the greatest value to electrical 
manufacturers and contractors, ^ well as to those 
actually engaged in the operation of the mines. It 
seems to me that the tables in 3 of the paper 
require amplification. In comparing steam-driven with 
electrified collieries, comparisons are made of the per¬ 
centage of coal raised used for power on the one l^nd, 
with kilowatt-hours per ton on the other. I -have 
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endeavoured to bring this comparison to a common 
denominator. To do this I must assume a coal con¬ 
sumption per kWh. I have first assumed 3 lb. Taking 
Table 8 I find that initially when raising 4 650 tons 
per week the equivalent coal consumption was 6 • 97 per 
cent. After the steam compressor was shut down the 
equivalent coal consumption was reduced to 6-79 per 
cent, and after the fan engine was electrified the equi¬ 
valent coal consumption w;as further reduced to 6«6 
per cent for the same output (4 660 tons) of coal. 
After complete electrification the equivalent coal con¬ 
sumption was increased to 7*68 per cent with an in¬ 
creased ouiput to 6 700 tons per week, and the h 3 ^o- 
thetical consumption for this output with the original 
steam plant supplemented by electricity would have 
been 10*68 per cent. If a smaller equivalent coal con¬ 
sumption per electrical unit is assumed, the figures work 
out correspondingly more favourably for electrification. 
The most significant point is that after complete electri¬ 
fication, with an increased coal output, the percentage 
consumption is increased. The paper shows that more 
Compressed air is used for conveyers and other air 
engines. This will doubtless account for the whole 
increase, but presumably there will be considerable 
saving in labour costs, and some indication should be 
given of the comparative value of such saving to set 
against the increased power consumption. I should 
imagine that it would be more than a mere reduction 
of unskilled labour at the pit head. May we talce it 
that the increased output of practically 26 per cent 
was obtained without increasing the number of men 
employed ? Table 6 when treated on similar lines 
shows a marked economy for electric drive, viz, 3*75 
per cent equivalent estimated consumption with elec¬ 
trified winder against 6*63 per cent with an all-steam 
drive. It is not clear what is meant by the sub-heading 
• * Present Conditions in this table. Table 6 shows a 
very marked economy of electric winding compared with 
steam winding, and Part 2 of the paper shows that the 
.electric winder has thoroughly justified its use. The 
•System in which the exhaust steam from the s'feam winder 
is utilized in a tmrbine can only be considered for isolated 
cases and during transition periods. A very strong case 
•has been made out for the Ward-Leonard winder with¬ 
out power-equalizing flywheel. With increasing capacity 
of generating plant this is a more or less expected 
result—^as the peaks will be of comparatively less 
account—^and, moreover, it is probable that in new pits 
the whole winding C 3 rble is being laid out for the most 
advantageous electrical drive, whereas in earlier electri- 
fications the electrical equipment had to be to 
suit conditions which were essentiaUy laid out for steam 
•vrading. It is interesting to observe the large propor¬ 
tion of power used for compressed air in South Wales 
pite. NaturaUy the figures for this district with shallow 
names, where, there is no objection to using electricity 
at tile face, are very much lower. I have seen figures 
as Ipw as 8-46, and for a large group of Durham pits 
with a moderate amount of water the figure works out 
^ ^ awrage at 11-64. Other figures are 6-9, 10 and 
13-6. No doubt if compressed air could be replaced 
by qlectncal drive in South Wales the figure of 20 units 
per ton would be reduced, to 6 or 7. I appreciate that 


conditions in South Wales are such as practically to 
preclude electricity in places where compressed air Is 
now used, and I am not one to advocate the indis- 
cnin^te use of electricity in places where Regulation 132 
applies. On this account, therefore, I can understand 
me omission of any reference to electrical coal-cutters 
face conveyers, etc. At the pits with which I am con¬ 
nected, electrically-operated face conveyers have been 
in use for many years and their use. latterly, has been 
mnsiderably extended. They are of the scraper type 
toven by 9-h.p. squirrel-cage motors through Hele-Shaw 
motion clutches and chains. I am somewhat surprised 
however, that no mention is made of main lianlag^ 
amongst the. more important loads to be dealt with. 
Main and tail type haulages are largely in nse, and the 
methods of drive have not changed essentially from 
the types installed 15-20 years ago. I have found that 
a rope drive has worked very satisfactorily both above 
^d below ground, and I now favour this arrangement 
m preference to direct gear. For larger haulages at 
medium pressures, contactor-tsqie stator reversing- 
smtches have lately been used with much success 
although in the earlier types with large low-speed motors 
trouble was experienced on the blow-outs. The use of 
contactor reversing-switches has both lightened tiie 
labour of the attendant and reduced the heavy cost of 
upkeep of reversing controllers on larger motors. The 
mtors are controlled by means of liquid starters. 
Turning to power factor correction, I am inclined to 
agree with the author that in new installations syn~ 
chronous motors are probably the best means of obtain- 
mg the requisite leading wattless kVA. It is particu¬ 
larly interesting to leam that such motors have been 
applied to Ward-Leonard winders, and if this is really 
satisfactory there should be a wide scope in this direction 
on large ^tems. A certain amount of prejudice has 
arisen against the use of S3mchronous motors for driving 
fans, due to the difficulty of starting of some early t 3 ^es 
of salient-pole machines. The synchronous induction 
motor h^ overcome this difficulty. In cases where the 
installation is complete, and suitable drives for syn¬ 
chronous motors are not available except by scrapping 
existing induction motors, the electrostatic condensers 
^e eminently suitable and give satisfactory results. 
An advantage is that they can be obtained in small 
units and placed close to the motors the power factor 
of wffich is to be corrected. I am informed that in 
certain pits each small motor is provided with its own 
condenser, and the air-gap is made very wide. In 
regard to the power station, an eminent mining engineer, 
recently speaking of electrical costs, ruled the private 
generating station altogether out of consideration, and, 
basing his arguments on the rates usually charged by 
the supply undertal^gs, he maintained that it was 
more profitable to drive the winder, fan and compressor 
y steam. I think that the author has amply justified 
the private generating plant, and along with it the 
complete electrification of the above-named capital units 
of plant, but a little more information would be desirable 
in regard to load factor, cost of production, etc. This 
(hscussdon should prove the econonaic possibilities and 
limitations of the private station. One peculiarity of 
the coffiery generating stetiofi is its ability to 
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all sorts of fuel and particularly the low grades. The 
time may come, however, when the supply undertakings 
may have, to take low-grade fuels from the collieries, 
as a consideration for the collieries taking a supply. 

Mr. S. Bums : I was rather surprised to hear the 
author state that in his experience the energy con¬ 
sumption per ton of coal raised by means of an a.c. 
geared winder is usually found to be appreciably in 
excess of the estimated energy consumption. Such is 
not the case in this coalfield and one wonders why it 
should be so in South Wales. It may be that there is 
a disparity in the weights of conveyerrfilled and hand- 
filled tubs, with a consequent variation of the net 
unbalanced load from time to time, but this should not 
present difficulty where the torque/time cycle is arranged 
to take account of the heavier lift as a normal condition 
of worldng. The disparity in weights cannot be great, ] 
and it follows that the braking peaks when lighter loads 
are being decelerated cannot differ appreciably from 
the braldng peak of the normal winding diagram. The 
author has mentioned the Stjernberg coefficient and the 
correction to which recent improvements in winder 
design have rendered it subject. That formula is 
related primarily to cylindrical-drum winders operating 
with tail ropes of a weight per unit of length equal to 
that of the winding rope and so is equally applicablei 
in the case of winders operating without tail ropes, 
but where the drum profile has been arranged to com¬ 
pensate for the effect of overhang of the winding rope 
throughout the winding cycle. It is a formula which 
may only be applied with circumspection in the case 
of other arrangements of drum profile and, what is more 
important, it neglects to take into account the economic 
aspect of the problem. It is no sufficient justification 
for the choice of a particular type of winder that it can 
be shown to be the most efficient arrangement in terms 
of energy consumption per trip. What is required is 
the arrangement of plant which will be most economical 
in terms of total winding cost per ton of coal raised. 
The energy consumption bill is an important item, but 
so also are Imperial taxes, local rates, interest, depre¬ 
ciation, insurance, inspection, maintenance and stores. 
For example, I recently took out a set of average ** 
winding conffitions for Northumberland and Durham. 
The average value of B is 0*167 and the Stjernberg 
coefficient, therefore, serves as an indication that an 
a.c. geared installation is likely to be satisfactory. The. 
coefficient does this but no more. Given a schedule of 
definite winding data, it is not difficult to decide which of 
four or five alternative arrangements of plant is the most 
economical, but the problem seldom |)resents itself in so 
simple a fashion. There at once arises the question as 
to whether it wiU be better to install a complete new 
winder, probably to the rear of the existing winding 
engine, or whether the existing mechanical parts should 
be converted to electric drive. At this stage there may 
be complication because, whereas with the new winder 
one is free to determine suitable drum dimensions, it 
may well be that the dimensions of the existing drum 
are sueh as to-render a direct-current motor and Ward- 
Leonard control desirable. This is not an exaggerated 
statement of the .problem and my object is to show 
that close rehance cannot be placed upon the Stjernberg 


coefficient when a choice is to be made upon economical 
grounds in circumstances which are to be met regularly 
in everyday practice,, if rarely in technical analyses. 
It is proposed shortly to install in this locality an a.c. 
geared winder, although the value of B is 0*368. The 
circumstances are similar to those I have described and 
it would be f difficult to imagine a case more likely to 
be favourable to Ward-Leonard control upon the score 
of relative efficiency (for - the value of B is high), 
Similarly the Ward-Leonard control alternative is likely 
to be favoured in respect of capital cost and, therefore, 
of annual capital charges (for the cost of the compl<^t® 
new a.c. geared winder with bicylindro-conical drum is 
naturally somewhat higher than that of the electrical 
equipment only of the Ward-I^onard conversion altert 
native).. As. a matter of fact the Ward-Leonard arrange¬ 
ment' is only more economical than the a.c. geared plant 
in the ratio of 1*31 to 1*29. The difference is so little 
that the final choice may well be influenced by sonxe 
local circumstance of no importance in itself—^iU this 
case a matter of convenience only—and which certainly 
is not taken into account by the Stjernberg or any other 
formula. The author mentions the Harworth main 
winder in particular. This plant is arranged upon the 
Stubbs-Perry principle and also embodies Ward-Leonard 
control, but it is not to be supposed that because.it is 
a Stubbs-Perry winder it must of necessity be a Ward- 
Leonard-controlled winder. Briefly the Harworth main 
equipment embodies a turbine, gears, fljrwheel, d.c. 
generator and d.c. winder motors, but the .Stubbs-Perry 
principle would still apply were the equipment to 
comprise turbine, gears, flywheel, three-phase altem 9 .tor 
and three-phase winder motor. With the latter arrange¬ 
ment the alternator and motor would, of course, be 
solidly electrically coupled, and in such a case the 
variation of frequency consequent upon flywheel speed 
fluctuation is not a matter of inconvenience, since this 
can quite well be taken into account when plotting the 
speed/time cycle of the wind. I think it will be found 
tliat the value of B for this winder is 0 *291 and I have 
sometimbs wondered why an a.c. geared installation 
was not chosen. I do so still in view of the author’s 
statement that in the case of two large a.c. geared 
winders at present being installed in this country the 
value.of B is 0*292. , The.author’s experience with tail 
:ropes has been unfortunate and is a disappointment to 
; those of us who hold to the view that these should be 
; employed upon every occasion whdre their use can be 
shown to be beneficial to the energy diagram. There is 
much to be said for them even in conjimction wi*^ 
drums of special profile, for if by that means the ratio 
of larger to smaller diameters of the drum can be reduced, 
then appreciable reductions in weight and cost will result* 

. Mr. R. W. Mann: It is interesting to note that the 
author obtains such a very high efficiency from the belt 
drive of fans with jockey-pulley arrangements, and T 
should hardly have expected that this arrangement 
would have given such results as to have been equal, 
let alone superior, to a high-class helical-gear reduction, 
the efficiency of which might be an 3 rthing from 94 to 
98 per cent, depending upon the .type of gear. The 
author refers several • times in the. early portion of 
the paper to the comparative advantages of thQ ayn-. 
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chronous motor of the saJient-pole type, with or without 
pole-face windings, as against the synchronous induction 
motor. As he states, this question has been dealt with 
in earlier papers read before the Institution, the dis¬ 
cussions on which appear to show that the synchronous 
motor was slightly more efficient than the S3mchronous 
induction motor, and, while this is true, it would appear 
to me that too much consideration can be given to these 
problematic little differences in efficiencies, even on 
continuous running plant, and more particularly plant 
which is not constantly fully loaded, e.g. colliery plant. 
Take, for instance. Fig, I. The sizes of the machines 
are not given, but from the curves I should expect them 
to be about 460 kVA, the comparative efficiency of 
the synchronous induction motor being 1 per cent lower, 
as is usual for machines of this size and upwards. This 
lower efficiency is almost entirely due to the extra losses 
in the second^ winding .caused by the larger 
turn of the coils than those of a salient-pole machine. 
It follows, therefore, .tha.t at low loads fwith constant 
power factor and hence reduced excitation) the efficiency 
becomes almost the same as that of the salient-pole 
machine. The author states that the advantages of 
the motor shown in Fig. 2 are (1) higher efficiency and 
(2) normal voltage excitation. The first I have dealt 
with, but I do not quite foUow the line of argument 
with regard to the latter. Owing to the series-parallel 
arrangement of the d.c. windings it is quite probable 
tiiat the excitation voltage would be somewhat higher 
than that in the case of the S3mchronous induction 
motor, but not very much, due to difficulties of design, 
say, between 36 and 40 volts as against say 26 on a 
S3mcbronous induction motor. There is, so far as I can 
see, little advantage to be obtained from the higher 
voltage. I should be glad if the author would say what 
13 the excitation on this particular machine. The 
motor has. certain disadvantages not mentioned by the 
author, viz. (1) extra complication, including a switch 
on the rotor for altering the windings from the starting 
to the running position, and (2) the machine is an 
expensive one for British manufacturers to build| costing 
coMiderably more than the synchronous induction motor! 
This fact is not, perhaps, obvious because of the advan- 
t^es which accrue to our foreign competitors due to 
cheaper labour and material. Whilst the actual reU- 
abihty of . the two types of machine may be very similar, 
ae author himself refers to a. greater possibility of 
trouble with the starting gear of a saJient-pole syn- 
clnonous motor than with that of a synchronous 
induc^on motor which, after all, differs practicaUy not 
at aff feom the ordinary starting gear of a sHp-ring 
mduction motor with which coUiery staffs have more 
experience. There is, however, another, and to my 
mm very important, advantage ..of the S3mchronous 
mduction motor over the salient-pole machine, and that 
IS aat wMe m both cases as compared with a slip-iing 
motor tteie is m. additional link caused by the^necessiW. 
of the d.c. exciter for the field, with the salient-pole 
maclme, m -toe event of a breakdown on the exciter, the 
complete umt is useless. With the synchronous induc¬ 
tion ^tor. however, the unit can be run as an ordinary 

excitation 

at all, the only limit to this appHcation being where 


the lag^ng power factor of the machine as an induction 
motor is lower than the corresponding leading power 
factor for which the machine was designed. This is, 
however, very rare, as most synchronous induction 
motors are built for at least 0-8 leading power factor 
at full load, and the power factor of an induction motor 
is not likely to be less than 0-8 lagging. Quite apart 
from the above, a s^chronous induction motor complete 
with its switchgear is cheaper than a salient-pole machine 
complete with its switchgear, and it is a case for serious 
consideration whether the problematic saving in effi¬ 
ciency justifies the additional cost of the dearer machine. 
Dealing now with electric winders, it would appear that 
the author is of the opinion that for single, deep mines 
electric winding may not be justified, presumably on 
account of the relationship of the peak load to the rest 
of the colliery load. This difficulty can, however, be 
overcome by the application of the turbine-driven 
Ward-Leonard system which the author describes later 
in his paper. The larger tlie winder, the greater the 
economy over a steam winder, which is the other alter¬ 
native. The author drew attention during the reading 
of the paper to the fact that, on the turbine-driven 
Ward-Leonard winder which he describes later, a second 
equipment had been ordered, and that it had been 
found necessary to add an induction motor to the end 
of the motor-generator set of the second equipment. 
This is not the case. It will be apparent fromr a con¬ 
sideration of the scheme that external braking must 
be provided, regenerative braking only being possible 
to that extent necessary to bring the flywheel up to 
full speed and no more. To eflect the necessary braking, 
it is possible to consider either a water-wheel brake or 
an eddy-current brake similar to. that which was fitted 
to the first equipment and which has given every satis¬ 
faction, or an induction motor provided with d.c. 
excitation. This latter arrangement has been adopted 
in the second equipment, due not to the disadvantages 
of the eddy-current brake but to the advantages of the 
induction motor as a brake, inasmuch as the power 
system , at this colliery has now developed and the 
induction motor can be used as a stand-by to run the 
motor-generator set for light-load winding or occasional 
trips without the necessity of starting up the turbine 
and flywheel. I fully agree with the author that com¬ 
parative costs favour electric winders and high-pre.ssure 
generating plant as against steam winders and mixed- 
pressure generating plant, and I endorse his view that 
where power is available from a supply undertaking 
at .reasonable rates, taldng everything into consideration, 
still greater econoihy can be shown for electric winding. 
Referring to a.c. versus Ward-Leonard, Stjernberg's 
conclusion, from his mathematical analysis, was based 
upon the point of his graph where the value of MSjQT^ 
was such that no braking was necessary. This, 
does not necessarily represent the dividing lines 
between, the a.c. and Ward-Leonard systems, and with 
Stjemberg's own: diagrams I. should not, under certain 
circumstances, consider the braking excessive resulting 
from a value of MSIQT^ = fi-S with V SjT = 

To my mind, the tendency of to-day is to use a,c. winders 
right up to the limit where .the respective efficiencies 
in conjunction with the respective capitalized charges 
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make the Ward-Leonard an economic necessity. With 
regard to a.c. motor speeds, the inertia referred to drum 
varies as (gear ratio) ^ and, whilst of course it depends 
upon individual designs, I find that the inertia of the 
rotor drops in roughly the same ratio within reasonable 
limits. With modern gearing, therefore, there is no 
harm in using higher-speed motors than those which 
the author gives, with their consequent better per¬ 
formance figures and lower capital cost. Whilst I. 
agree that a.c. winders do not have the same delicacy 
of control as Ward-Leonard winders, I am convinced 
from a fairly wide experience of a.c. winders that, within 
the limits of their economic application, the control 
with or without reverse-current braking is all that can 
be desired for ordinary service. Dealing with the 
question of braking on a.c. winders, whilst there are, of 
course, occasions where excessive braking necessitates 
the use of reverse power, one finds that these cases are 
the exception rather than the rule for the conditions 
which prevail in Northumberland and Durham, and 
normal methods of braking, i.e. wooden brake blocks 
or patent fabrics, have given quite good service. The 
following figures are the averages taken from a number 
of local steam and a.c. winders, from 2 to 500 h.p. 


System 

Average life of lininjg 

Wood 

Ferodo 

Alternating current .. 

2-3 months 

12-18 months 

Steam.. 

3-4 months 

18-24 months 


With regard to the controllers for a.c. winders, it is 
now pos.sible to incorporate the advantages of auto¬ 
matic acceleration with the advantages of flexibility 
for manreuvring of a metal-pot type of controller, and 
I should say that it is very doubtful whether the weir 
type of controller will be used in future modern equip¬ 
ments. The author's method of indicating reverse- 
current power is ingenious and interesting. I do not 
agree with him that even in small winding equipments 
direct-operating reversing switches are satisfactory. 
I have seen many types of such switches and I consider 
that any reasonable increase in cost is a very good 
exchange for the reduced manual effort required to 
operate contactor-control reversing switches. When 
mentioning the automatic control of Ward-Leonard 
winders, I presume that the author is referring to semi¬ 
automatic control given by cam-operated gear—^the 
present-day practice. The question of complete auto¬ 
matic control has been given much consideration, and 
as far as I am aware there is no completely automatic 
winder in. existence. There would appear to be two 
chief considerations in the design of an automatic 
winder—advantages and engineering difficulties. The 
first is a question of the Coal Mines Act, and I should 
imagine it doubtful whether permission could be obtained 
for a locked-up winder house and for the cages to be 
controlled from bank by the banksman; without such 
saving it is difficult to see the advantage. Were there 
VOL. 63. 


any possibility of such permission being given, then 
I imagine that greater attention would be paid to the 
engineering difficulties, the chief of which would appear 
to be double-decking and the design of a motor which 
would have an exact straight-line characteristic of speed 
against load during the slowing down of the motor to 
rest, essential for repetition decking with varying loads. 
In short, the cam control of a Ward-Leonard winder 
might perhaps be called an emergency measure eiiiinently 
desirable but having its counterpart with arrangements 
that can be and are regularly made for a similar effect 
on an a.c. winder. The author refers to high- and 
low-speed d.c. machines, and 1 can assure him that 
quite a definite commercial case has been made out 
for higher-speed d.c. motors on Ward-Leonard-controUed 
winder equipments. When one takes into consideration, 
using the author's own figures, that the low-speed motor 
without gear is only 2 per cent more efficient, while the 
overall efficiency of the winding cycle may be round 
about 60 per cent, one really must agree that commer¬ 
cialism must be given room, especially as it can show 
a very large difference between the capital cost of the 
low-speed d.c. motor and a high-speed d.c. motor plus 
gears, the latter being the cheaper. With regard to 
the maintenance of the additional bearings, my experi¬ 
ence is that there is little or nothing in it, and I am in 
agreement with the author when he says later in his 
paper that high-speed bearings appear to run indefinitely. 
The author's comparison between a Ward-Leonard and 
a Ward-Leonard-Ilgner winder is interesting. It is, 
however, to my mind impossible to make a generaliza¬ 
tion from one special case—the application of either of 
these systems is ohe necessitating a close study of 
particular conditions. While agreeing with the author 
as a general principle that the generating plant should 
be increased in preference to installing an Ilgner set, 
there are many cases where it is impossible, and also 
many cases where the necessary supply network to keep 
voltage-drop due to peaks within reasonable limits makes 
the Ilgner set an economic necessity. It is difficult to 
analyse Table 4 without many more particulars, but 
there are one or two outstanding features. The motor 
driving the motor-generator set is of 3 250 h.p., the 
corresponding peak being approximately 4 000 h.p., or 
1J times ; a system which will take a 3 260-h.p. motor 
obviously does not require the help of a flywheel for 
a peak load 1J times the rated load. In the next case 
the motor driving the motor-generator set is of 2 000 h.p., 
and even with a flywheel the peak is 3 800 h.p., or 
1«9 times the normal, so that if the fl 3 rwheel is doing 
any equalization at all, the peak without it may have 
been 2i times. In the light of the foregoing remarks, 
this is a case where a flywheel is probably needed. 
The comparative overall efficiency conveys practically 
nothing, due to the different net loads. I had a case 
recently where an extra deck; adding two tubs of coal 
to the net load for the same output, resulted in halving 
the size of the equipment put in, with a consequent 
saving in overall efficiency and cost. It followrs that 
two wanders with net loads of 6 and 7 J tons respectively 
cannot be fairly compared. With regard to balance 
ropes, in the early days there was a certain ai^ount of 
opposition to their use, undoubtedly due to steam- 

37- 
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winder experience. Now, however, their use has been 
demonstrated to be satisfactory, even on cylindro-conical 
drums, provided a suitable rope suspension shackle is 
used, with the result that I have no hesitation in sug¬ 
gesting their use where the resulting economy warrants 
it. The application of the Koepe system in this district 
in four cases has done much to bring about the foregoing 


give a complete subdivision of the units, but estimated 
figures in -^ose cases where meter readings were not 
obtainable are given in Table F. 

The units per ton given under the heading General 
Supply include the current taken by the compressors 
used in cases. 1 and 4. It will be noted that in cases 1, 
2 and 3 the total consumption per ton is very much 


Table E. 


Consumptim of Current for Completely Electrified Collieries. 


No. 

Output,* in 

Depth 

Ratio t of 
water to 
coal 

Consumption, in units per ton 


tons per day 

Ventilating 

Pumping 

Winding 

General 

supply 

Total 

Remarks 

1 

2 

3 

4 

‘ 637 

1073 

940 

4 660 

.1 ........_X- J- 

ft. 

800 

478 

720 

1 170 

1-2 

1-8 

1*37 

3-12 

1*27 

2-07 
2*47 r 

1*00 

1*41 

^ 1*11 I’ 

2*23 

4* 

r-’ -'i :3. 

3*66 

20 

13^2. .'v-v 

8*16 

7*68 

.,6t00. 

21*6 

Moderate amount of 
compressed air used 
No compressed air 

No compressed air 
Group of 6 pits. 
Large amount of 
compressed air used 


* Actual total outputs for the year 1934 have been taken and divided by 250. f Ratio of total tons of water pumped to total output in tons of coal, 


result. The author supplies some valuable data when 
he gives the actual steam consumptions of modem 
steam ^nders. A certain amount of data exists for 
older winders, but the figures put forward by the manu¬ 
facturers of modem steam winders are undoubtedly 
optimistic when compared with the author's figures. 
In conclusion I should lilce to say that I prefer the 
straight a.c. winder for every possible case where it is 
an economic proposition. There are close on a hundred 
such plants in this area and I feel that it is on these 
Imes that the coal industry can be best served as a whole. 

Mr. A. B. Maclean: In Table 2 the author gives 
some average figures for the current consumption per 
ton of coal raised at a modem colliery, and, as he points 
out, the figures apply specifically to South Wales con¬ 
ditions. It may therefore be of interest to give similar 
figures for colHeries in the Northumberland and Durham 
coalfield. In Table E such figures are given with 
information as to some of the essential features govern- 
mg the total consumption. The figures in this table 
axe derived from meter readings taken over 12 months, 
three meters being used on some of the circuits and the 
mean value taken. Accurate coal output and pumping 
figures have been obtained from the collieries. It has 
not been possible in all cases to get meter readings to 


less than the figures quoted by the author forlSoutli 
Wales. This is due mainly to the shallower shafts and 
to the fact that in case 1 very little compressed air is 
used, and in cases 2 and 3 none at all. In case 4 the 
consumption is relatively high owing (1) to the greater 


Table F. 


No. 

Ventilating 

Pumping 

Winding 

General 

supply 

Total 

1 

1*27 

1*00 

2*23 

3*66 

8*16 

2 

2*07 

1*41 

1*32 

2*88 

7*68 

3 

2*47 

1*11 

1*99 

1*33 

6*90 

4 

4*27 

6*14 

3-.21 

8*88 

21*6 


depth of shaft, (2) to excessive pumping, and (3) to 
the large amount of compressed air used. 

(Mr. W. G. Mountain also took part in the discussion. 
The substance of his remarks will be found on page 638 
in connection with the discussion before the Institution.] 

[The author's reply to this discussion will be found 
on page 663.] 


South Midland Centre, at 

]\^. W. w. Wood ; So far as the technical points 
dealt with in the paper are concerned, I am in agree¬ 
ment with what the author says, but I must criticize 
w statement that there are very few cases where 
me mixed-pressure steam-winder plant can compare 
favour^ly with an all-electric plant. His own figures 
m Table 6 show that, whatever may be the result at 


Birmingham, 11 March, 1926. 

I>ufir 3 m Co.’s collieries, in very many 
collieries the steam winder and mixed-pressure turbine 
would be the best commercial proposition. In Table 6 
there is a comparison between the number of units of 
electricity required to supply a colliery with an electric 
windCT, and the actual amount of steam used to supply 
both a steam winder doing the same work and a mixed- 
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pressure turbine generating electricity. The units 
generated by this mixed-pressure turbine are given and 
,we therefore have sufficient data to compare the amount 
of coal used in each case, provided we know how many 
pounds of coal are required to generate one electric^ 
unit. Unfortunately, the author does not give any 
particulars enabling me to estimate either his cost of 
electricity or the pounds Of coal he requires to gene¬ 
rate 1 kWli—^presumably at the Powell Duffryn Co.*s 
collieries the latter is a very low figure and one that 
could very seldom be obtained by any other group of 
collieries. We cannot tell, therefore, what the financial 
results of electrifying the winder would be at the Powell 
Duffryn collieries, but we can see from the author's 
figures what would be the results at an average colliery. 
The average amount of coal used for the larger gene¬ 
rating stations (exclusive of the three largest) of this 
country for 1924 was about 3 lb. of coal per unit 
generated. An average colliery may be able to do 
better than this, though generally the results are not 
so good. I have, however, assumed that 2| lb. of coal 
is required to generate one useful unit, and by this I 
mean a unit which can be used for driving the winding 
gear or other productive plant, and not including the 
units required for condenser, auxiliary apparatus or loss 
in -bransmission. The total units generated will be 
considerably in excess of the useful units and I think 
that the figure of 2f lb. of coal per useful unit is as 
good\s can be expected in most collieries, as a normal 
daily performance. On this basis, taking tlie author's 
figures we get the following results :— 


Total high-pressure and low-pressure steam 
required to supply both the steam wind- 
-ing engine and the mixed-pressure tur¬ 
bine (author's actual figure) per hour .. 68 000 lb. 

Total ditto required per week of 42 
winding hours, 68 000 X 42 equals .. 2 430 000 lb. 

Coal required per week to generate the above 

steam (based on the figures on page 634) 332 000 lb. 

Units per week generated by waste and 
live steam from the above coal in addi¬ 
tion to the winding .. .. .. 86 000 

Of these units apparently all were not 
available for useful work, and these we 
have to deduce from further figures as 
follows:— 

In Table 6 the total units generated by 
the mixed-pressure turbine are given as 86 000 

Plus units from an external supply .. 11160 


Total .97 160 

These were necessary to supply the colliery 
washery, etc,, while if the winders were 
electrified the author giyes the units 
required for the washery as .. ., 90 000 


7 160 

By subtraction we see that 7 160 units 
were apparently used for the turbine 
, auxiliaries and that the useful units 
supplied by. the mixed-pressure turbine 
were 86 000 — 7160, equals .. ^ . 78 860 


If the steam winder were replaced by an 
electric winder, it would be necessary to 
supply from an external source 78 860 
units, which were previously obtained 
from the mixed-pressure turbine, in 
addition to the units required for the 
winding gear. The total units therefore 
required would be :— 

Electric winder (author's figure) .. .. 62 600 

Extra units owing to shut-down of mixed- 

pressure turbine .. . . .. .. 78 860 

Total additional units required .. 131 360 

Coal required per week to generate these 
units on the basis of 2*76 lb. of coal 
per useful unit .. .. .. • • 361 000 lb . 

Extra amount of coal required per week to 
supply the colliery if electric winder is 
used as compared with steam winder 
and mixed-pressure turbine, is 361 000 
— 332 000 . 29 000 lb. 


We see from the above figures that if it requires 2f lb. 
of coal to generate one useful unit, then the substitution 
of an electric winding gear for a steam winder and 
mixed-pressure turbine, in the case cited by the author, 
would involve an extra coal consumption of about 
12 J tons per week. In addition to the extra coal there 
would be of course a considerable cost per annum in 
the interest and depreciation on the extra capital 
required by the more costly electrical scheme. As the 
author gives no figures of present-day capital costs, I 
do not propose to discuss this, but I would point out 
that the capital required for the electric winding gear 
is only part of the cost. In addition to tliis the generat¬ 
ing plant must be increased to supply the extra demand 
both of the electric winding gear and of the plant which 
was previously supplied by the mixed-pressure turbine. 
As the* electric winding gear makes a big demand for 
its peak load, the additional capital required for the 
generating plant is a large amount and more than 
offsets the saving due to the fact that the mixed- 
pressure turbine would not be required. It will be 
well to note also that the auxiliaries for this larger 
generating plant would take considerably more power 
than those for the mixed-pressure turbine, and w'^ould 
work on a worse load factor. I think it is obvious, 
therefore, that in a number of cases tlie steam winding 
gear and the mixed-pressure turbine are undoubtedly 
the correct plant to install, and it would be necessary 
to generate at an extremely low coal consumption per 
unit in order to make electric winding the better pro¬ 
position. Every case of tliis kind must be worked out 
on its merits, taking into consideration (1) the cost 
of generating or buying electricity, (2) the cost of coal 
used under tlie boilers for raising steam, and (3) the 
capital cost of each scheme. My present partner, Mr. 
Mountain, went very fully into this cost for the electric 
winder versus the steam winder in the paper which he 
read before the Institution in 1906, and showed that at 
that time there were few cases where the electrfh winder 
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was best, owing to the small value of the coal which 
was used for raising steam, and to the high capital cost 
of the electric plant. It was generally realized that 
the electric v^der would require less coal to be burnt 
under the boilers for a given work than would a steam 
windM, but the value of the coal saved was so little 
that it WM not sufficient to offset the extra interest and 
depreciation required on the costly electrical winder. 
Since that date conditions have altered considerably 
and there are more cases to-day where the electric 
winder may be the right equipment than when the 
paper was read, but on the other hand the develop¬ 
ments of the mixed-pressure turbine is a factor 
to increase the number of cases where the steam winder 

15 the ^tter proposition. I do not wish it to be thought 

that either Mr. Mountain or myself is an opponent of 
electric winding—that is by no means the case—^but we 
fTOl it is never of advantage to the industry to install 
pl^t which does not give the best commercial results, 
and consequenily it is desirable to treat every case on 
its . merits, taking into account the numerous factors 
which affect the financial result, the only one of interest 
to toe mine owner. During the discussion with regard 
to toe efficiency of compressed-air transmission, reference 
was made by several speakers to toe loss which occurred 
m the underground distribution of this power. A short 
tim& ago I had to make some tests of the leakage of 
^ at 3; colUery, and in this particular case I found 
that while about 4 000 cubic feet of free air was being 
supphM to toe pit in question, of this amount 1 500 cubic 
teet of free air was escaping without doing any work. 
This is by no means an isolated instance and shows a 
lea^e ^ about 37 per cent during times of heavy 
load. When toe load was reduced, with the leakage 
SM remaining constant, toe loss increased to nearly 
60 per cent. In Table 4 toe author gives particulars of 
toe power required to run a Ward-Leonaxd generator 
when driven by a synchronous motor as 80 kW, whereas 
11 “flection motor the light-load loss is 

16 kW. I should like some further explanation of 
the^ figures as I do not understand how toe induction 
mo or could take so much more power than the syn- 
^onous motor to do toe same work. Is there any- 
tomg abnormal in the machine referred to ? 

^ interested to note that toe 
. “‘l^^^i^nns the advisability of running ventilating 

f^ at low speed during stop-days and at week-ends. 

^ procedure are indeed 
fnA f iu-advised to install variable- 

mSir,r f ® ^ ^ constant-speed 

STL ^ superior operating characteristics 

of S suggests, the increase 

fan speed m toe mme develops can be arranged for 
vety simply by altering toe ratio of the drive The 
as to the higher efficiency 2ri 
b^r aU-round operation of toe saUent-pole type of 
compared with toe synchronous 
mduction^r auto-synchronous motor, as is some- 

^eSuv^ T So much attention has 

Sto?th«?r ■ ^ synchronous induction 

to? overlook the claims of 

2to T’'® synchronous motor 

^hen poles. The salient-pole madfine suffera 


from the disadvantage of not being able to start up 
against a heavy torque, but in toe cases of air com- 
pressors other drives where high starting torque is 
not required there would appear to be no justification 
for using the S3mchronous induction motor when a 
more satisfactory machine of higher efficiency is 
avdlable. Reference has been made to the use of 
sahent-pole synchronous motors in America for driving 
colliery fans, the torque being reduced at starting by 
closing the air outlet. BafSing of the fan outlet has 
been used for varying the air volume, and it only seems 
necessary to carry this a step further to permit of the 
use of salient-pole machines for fan drives. It would 
be interesting to have the author's views on the 
easib^ty of applying this scheme to mine-ventilating 
fans in this country. Provided inexpensive arrange¬ 
ments could be made for baffling the fan outlet, the 
scheme would appear to have much to recommend it. 
It is stated that a complete Ward-Leonard winder 
(presumably with direct-coupled motor) costs about 
30 per cent more than a geared induction motor winder. 
My experience has been that this figure is nearer 76 per 
cent. Apart from the reduction gearing, the mechanical 
^uipments for the two systems are practically identical. 
On the other hand the Ward-Leonard system requires 
roughly three machines of the full winder capacity, one 
being a very large low-speed motor, as against one 
moderately high-speed machine in the case pf the 
mduction motor winder. When the larger winder 
house and the high cost of the cable work are taken 
mto account, the cost of the Ward-Leonard winder may 
easily approach twice that of the geared induction motor 
^der. It is somewhat surprising to learn that the 
bm^ce rope is not looked on with favour in South 
Wales, in view of the increasing popularity of this 
device in other districts. In addition to the economy 
m ener^ consumption, there is a considerable saving 
m the mitial cost of the drum if by using a balance 
rope a parallel drum can be used in place of the more 
costly and much heavier cylindro-conical drum. The 
author exhibited a lantern slide showing a ‘'pot" 
type of liquid controller in which the customary arrange* 
ment of vertically moving electrodes is retained. All 
such arrangements suffer from the disadvantage of 
^efficient circulation of toe electrol 3 rte. The heated 
l^md in rising by convection from toe region between 
toe moving and fixed electrodes is baffled in its flow 
by toe upper electrode. A considerable advance has- 
bem made in a recent design of " pot ” controller in 
wluto toe electrodes move approximately in a horizontal 
path, thereby permitting free circulation of toe elec- 
tiolyte by convection. Heaviness of operation is a 
f^er disadvantage of toe orthodox design of con¬ 
troller, necessitating in some cases toe use. of an air 
engme to assist toe driver. In toe new design referred 
to, tois defect is overcome by swinging toe moving 
elecfrodes in pendulum fashion and balancing them with 
a spiral spring which avoids toe objectionable inertia of 
balance weights. 

1^. Christopher Jones ; I suggest that toe title 
ot toe paper should be amended to read “ Electrical 
Power Plant at toe Colliery Pit Head,” inasmuch as. 
e author does not refer to toe use and application of 
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electricity in the mine. I personally should have 
welcomed some description of the plant used under¬ 
ground, together with the system or the troubles (if 
any) experienced on such a very large colliery under¬ 
taking. The author's remarks regarding fuel and water 
conditions are very much to the point and I am in 
agreement with him. He refers to the question of the 
improvement of power factor. This subject was con¬ 
sidered by my company about 12 years ago when it 
was decided to install static condensers on the low- 
tension system at surface and underground substations. 
These have justified their installation from every point 
of view. In another instance when the question of 
conversion of a steam-driven ventilating fan to electrical 
drive came up for consideration, it was decided to 
install an induction synchronous motor drive direct 
coupled to the fan. This has been in continuous • use 
for about 4 years without a moment's trouble. The 
author refers to speed reductions of ventilation fans at 
week-ends or stop-days which necessitate variable-speed 
motors or other mechanical speed-reducing devices, and 
his jockey pulley device is very interesting. I should 
like to ask him if he has had any experience with the 
Williams-J anney variable-speed gear and if he has 
considered such gear in connection with his undertaking 
for winding, fan or haulage drives. I agree with him 
that speed reduction at week-ends, etc,, is a questionable 
econdhiy, bearing in mind also the colliery manager's 
responsibility as to safety of the mine, and I doubt 
whether the mining regulations permit of such speed 
reductions. My own colliery manager confirms the 
author's views that it is safer to maintain full volume 
of air at all times, and this practice is in force. Mention 
is made of the unsatisfactory method of starting up 
squirrel-cage motors by means of auto-transformers. 
In this connection I would say that in my own case 
motors up to 70 b.h.p. only are allowed. These are 
started up by auto-transformers and no trouble has been 
experienced. The size of this t 5 q)e of motor is also 
governed by the capacity of the generating station and, 
in the case of bulk supply from an outside source, 
by the rules of the supply undertaking; these axe in 
some cases very stringent in regard to the use of 
squirrel-cage motors. On page 522 the author states 
that the four most important loads are pumping, venti¬ 
lating, winding, and air compressing. I presume that 
the author regards this as being applicable to his own 
undertaking, otherwise I disagree with him. At the 
collieries under my charge electricity is used on the 
surface for ventilating, haulage, pumping, screening and 
other works drives, but no winding. For underground 
purposes electricity is used for coal-cutting, pumping, 
haulage, auxiliary winding gear, compressor drives, other 
than conveyers, rock-head drills, punchers, and small 
haulage gears up to 10 h.p. which are compressed-air 
driven, electrically driven compressors being installed 
inbye. It would be of interest to hear the author’s 
views regarding inbye compressors. The units generated 
at the colliery station for all power purposes during 
drawing hours average 3 per ton of coal raised, 70 per 
cent of the coal drawn being got by electrically driven 
long wall and arc wall coal-cutters. On page 636 the 
author refers to the advantage of the'^use of electricity 


in that the consumption of every machine or group of 
macliines can be continuously recorded and any waste 
checked, the electrical plant retaining high efficiency 
without the constant adjustment and renewals necessary 
in other machines. Apparently here again the author 
refers to pit-head drives, as a large number of compressed- 
air machines must be used when analysing the. curves 
shown. In view of the author's admission in regard 
to the advantages of electricity, will he say why com¬ 
pressed air is used on such a large scale and how he 
obtains the best results from such machines ? I cannot 
understand his statement that the principal effect of 
electrification is to reduce the amount of unskilled 
labour employed at the pit-head, and I should be glad 
if he would amplify his remarks on this point. 

Mr. G. M. Harvey; In the summary, the author 
states that the object of the paper is to show that the 
mining electrical engineering industry cannot rightly be 
charged with employing wasteful and unscientific 
methods, and the paper shows what high efficiencies 
can be obtained by means of the latest developments 
in electrical machinery scientifically applied to mining 
conditions. I would ask, however, whether there is not 
too great a tendency to strain after the last 1 per cent 
of efficiency, possibly at the expense of reliability, which 
is of greater importance in colliery working from the 
point of view of the management. A stoppage of one 
hour on tlie main haulage supplying a shaft from which, 
say, 2 000 tons of coal are being wound per shift, will 
mean a loss in revenue to the company of £300 or more, 
and will counterbalance several decimal points of 
efficiency in the motor. The author refers to the 
practice of washing low-grade fuel, and states that this 
should be done i£ the ash content exceeds 10 per cent. 
It would be interesting to know whether he has proved 
this practice to be economical, as it would appear that 
the cost of washing would more than outweigh the 
extra efficiency gained. It is common practice to bum, 
with ordinary hand-firing arrangements in Lancashire 
boilers,^^ low-grade fuel having an ash content of up to 
30 per cent. On page 622 the author states that auto¬ 
transformers are unsatisfactory for starting large 
squirrel-cage motors. Has he had any experience of 
the type of auto-transformer starter in which successive 
tapping voltages are applied to the motor during 
starting, thus gradually increasing the applied voltage 
by a number of stages ? Once the difficulty of changing 
from step to step without open-circuiting or short- 
circuiting the transformer windings has been obviated, 
I believe that these starters give satisfactory service 
up to about 200 h.p. at least. The statenaent on 
page 624 with regard to the efficiency of transmission 
of compressed air is rather startling, and I think that 
the author might have emphasized the fact that this 
applies to surface transmission only. For transmission 
below ground, along shifting roadways, with bends every 
few yards and the ever-present possibility of damage 
from the collier's pick, transmission by compressed air 
cannot hope to compete with the electric transmission 
of energy. It would have been useful if the author 
had carried his comparison. of compressed air and 
electric transmission somewhat further, and gi»ven the 
relative efficiencies of the three systems in practical 
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use, viz. ip) steam-driven compressors on‘ the surface 
and air engines at the coal face, (6) electric generators 
on the surface and electric motors at the coal face, and 
(c) electric generators on the surface, electrically-driven 
compressors at suitable points below ground, and air 
engines at the coal face. The ef&ciencies of these 
systems are roughly as follows: (a) 26 per cent, 

(Z>) 60 per cent and {c) 15 per cent. The very large 
proportion of power taken by the compressing plants 
in the colliery referred to in the paper is, I think, an 
admission that we have not yet arrived at complete 
safety from shock and explosion in the use of electricity 
in an explosive atmosphere. In South Wales generally, 
one finds the electric cables terminating at points a few 
hundred yards inbye from the shaft bottom, whereas 
in more favoured districts, such as the Midlands, where 
we have not to deal with large quantities of explosive 
gases, the electrical installation extends to the coal 
face,' and compressed air is used solely for percussive 
rock drills. The portion of the paper dealing with 
electric winders contains a very large amount of informa¬ 
tion, and goes to prove—^if proof were needed—^the 
intricate nature of the problems with which the mining 
electrical engineer has to deal, and the folly of attempting 
to handle such problems without a very full knowledge 
of mining conditions. It would be instructive if Table 6 
could be completed by filling in the blank spaces in the 
last three columns, utilizing the pounds of coal burnt 
per unit generated by the electrical plant. Without 
these figures the comparison is incomplete. 

Mr, H, Jack : The paper is of great value for the 
comparative data it gives based on actual tests and 
costs. I think that the author lias proved the great 
advantage of running a group of collieries by means of 
a modem high-pressure steam-turbine-driven electric 
power station and the general use of electric motors. 
The consideration, then, of the best type of electric 
motor for each duty is important. I note that the 
author is not in favour of using the squirrel-cage type 
of motor for driving centrifugal pumps where the horse¬ 
power exceeds 160. This is contrary to the experience 
of some engineers in large mines abroad. I consider 
that the squirrel-cage motor, properly. designed and i 
constructed, is the most robust type of electrical 
machine, and that with substantially built auto- 
transfonner or star-delta starters, squirrel-cage motors 
up to at least 1 500 h.p, could be used for driving 
centrifugal pumps and would give maximum reliability. 
The author was one of the first in this country to realize 
the great advantage of installing synchronous motors, 
both of the salient-pole type and the cylindrical-rotor 
type. At the same time he has wisely only installed 
motors of the S3mchronous type, where the output of 
the motor was of sufficient magnitude to make a sub¬ 
stantial improvement in the power factor of the system. 
The type of S3rnchronous motor shown in Fig. 2 is 
interesting, but from a manufacturing point of view it 
tends to be costty. One cannot use for its manufacture 
the developed pole dies of the salient-pole squirrel-cage 
type of synchronous motor, or the developed rotor dies 
of the induction motor. The synclironous induction 
motor with cylindrical rotor can be made with the 
dies, developed for the ordinary induction motor. For 


this reason I do not think that the salient-pole motor 
with slip-ring type winding in the pole face is likely to 
be generally adopted by manufacturers. Where a 
starting torque of full load or greater is required, or 
where it is necessary to pull into synchronism against 
a torque of full load or greater, the cylindrical-rotor 
t 5 rpe of synchronous induction motor is being generally 
adopted. It is the cheapest type of synchronous 
machine for heavy starting duty, but its efficiency* is at 
least 2| per cent lower than that of the salient-pole 
S3mchronous motor. As regards the Lenix belt drive 
adopted by the author for driving fans, I should like 
to know the maximum horse-powers and speeds for 
which this type of drive could be used and what is the 
.approximate life of a belt. Although for a considerable 
number of years the salient-pole synchronous motor has 
been adopted in the United States for practically all 
air and ammonia compressor drives, the extent of its 
use and success is not yet realized in this country. For 
I starting duties up to- at least half full-load torque, and 
where unity or leading power factor is required, the 
salient-pole S 3 mchronous motor is the ideal machine. 
As regards the method of starting I think that the best 
form of starting apparatus is on the lines of the Kom- 
dorfer arrangement described in the paper. With such 
a method the supply to the motor is never broken 
during the starting period. I hardly think that it is 
necessary to have all the 6 steps given on page 626^ 
There is no apparent advantage in starting with the 
auto-transformer neutral open. The real advantage in 
being able to open the neutral of the auto-transformer 
is that one can pass from the tap connection to a choke- 
coil connection; on short-circuiting the choke-coil 
connection the motor gets the full line voltage. This 
avoids any sudden rush or kick of current such as is 
obtained if the tap connection from the motor is broken 
and the full line voltage then switched on to the motor. 
P'urther, I think that it is better, wherever possible, to 
synchronize the motor, i.e. close the field switch, while 
the motor is still running on the tap.voltage. • The 
author considers the characteristics of the induction 
motor in dealing with the control of a.c. winders. I 
ttok that the late Dr. Steinmetz was actually the 
pioneer in developing fuUy the characteristics of the 
induction motor. In Fig. 7 the-author gives the well- 
known speed/torque curves of the induction motor. 
When considering the control of an a.c. winder motor 
the value of the curves would have been enhanced if 
the author had extended them to include regenerative 
working and had also given curves with greater external 
resistance. Curves showing the stator and rotor 
currents tliroughout the range of speed and for the 
various values of rotor resistance would also be of 
assistance in considering the control. His statement 
that too high or too low a resistance results in a re¬ 
duction of the reverse-current braking effect at full 
speed is only correct where the resistance inserted is 
such as to give maximum braking torque at full speed. 

A further increase or decrease of this resistance would 
then lower the torque. This is a contingency that 
would practically never arise, as one would always have 
sufficient external resistance to keep the torque below 
its' maximum value. With the external resistance 
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values corresponding to the curves of Fig. 7 the stator 
currents on reverse-current braldng would all be approxi¬ 
mately equal to short-circuit current, and the motor 
should not be run at such high values of current. If 
the motor is running with the proper external resistance 
value to give a braking torque of less than maximum 


torque, then to obtain an increased braldng torque at 
full speed the amount of external resistance should be 
reduced. 

[The author’s reply to this discussion will be found on 
page 663.] 


East Midland Sub-Centre, at Nottingham, 24 March, 1925. 


Mr. L. G. F. Routledge : Table 1 is interesting in 
that it should dispel any illusions in the minds of those 
who still place their faith in gas engines owing to their 
high thermodynamic efhciency. There is, 1 believe, 
a 7 600-kW gas engine now being installed at worlts 
not far from this Centre, and the results of its working 
will be awaited with great interest. I should like to 
ask the author what are the various percentages for 
interest, depreciation, etc., which he allows under the 
head of capital charges in line 6 of Table 1. Questions 
of economical fuel consumption have not yet been 
seriously tackled in the Midlands. Most of the collieries 
have hand-fired Lancashire boilers, but some of them 
are now seriously going into the question and some 
results should be available for comparison in the 
course of the next year or two. On page 522 the 
author mentions power factor improvement and 
briefly dismisses the static condenser. It may be 
of interest here to state what has been done in the 
way of power factor improvement at a group of 
collieries with which we are connected. The author’s 
conditions are more or less peculiar to South Wales, 
and the centres of gravity of his electrical load are, 
generally speaking, on tlie surface at the collieries. In 
this district electricity is taken to the coal face both 
for machine cutting and conveying, and the electrical 
centre of gravity usually lies somewhere between the 
pit bottom and the coal face. It is obvious that syn¬ 
chronous motors of small size cannot be introduced 
into the mine, and it is here that the static condenser 
shows to advantage. Table G gives some particulars 
of static condensers installed at this group. 


Table G. 


Capacity of 
static 
condenser 

pate 

installed 

Typo 

Cost of 
repairs and 
maintenance 
per annum 

kVA 



£ 

81 

.Oct. 1913 

Old original type in 
60 fjt,F units 

8 

115 

Feb. 1917 

Old original type in 
60 jiF units 

3 

56 

April 1919 

Tank type , 

Nil 

95 

April 1919 

Tank type 

Nil 

65 

Oct. 1924 

Tank type 

Nil 


We dispense with switchgear where possible and connect 
direct to the stator circuits of induction motors. Two 
of the above are connected to the stator circuits of small 
motors driving ventilating fans; the others are inbye. 
W^hen the llS-kVA condenser was instgilled about three 


miles from the generating plant, while the load remained 
steady the weekly consumption of units was reduced 
by 840. This showed a saving of 17 per cent on its 
capital cost, taking into account only the costs of coal 
and water ruling at the time of its installation. At 
this group of collieries we installed in 1914 a salient-pole 
motor to drive a screening plant. This motor released 
three induction motors for other jobs and enabled an 
increase in transformer capacity to be avoided. It 
seems rather an extraordinarA’^ drive for a .synchronous 
motor, but it was the only one available and something 
had to be done at the time. A synchronous induction 
motor of moderate size drives a fan installed in 1920. 
Mr. Weir, in reading the paper on behalf of the author, 
showed some interesting diagrams of fan drives by 


Table H. 



Induction 

motor 

Synchronous' 

induction 

motor 

Salient-pole 

motor 

Capital cost 

100 

118 

132 

Power factor 

— 

0*85 lead 

0*85 lead 

Full-load efficiency 

93% 

92-2 % 

92*5 % 


salient-pole motors in America and mentioned a starting 
torque of 50 per cent of full-load torque. I should like 
to ask how this is done, and what is the starting current. 
It is djJBficult under existing conditions in this country 
to get a starting torque of 30 per cent of full-load torcjue 
with reasonable starting current. I am afraid also that 
colliery managers would not agree to shut off the fan 
drifts while starting the fan. Some figures which we 
have obtained for motors to drive a 3 000 cubic-feet- 


Table J. 



Induction 

motor 

Syiichrtmous 

induction 

motor 

Salient-pole motor 




^ _ 

_A- 

-^ 

Capital cost 

100 

130 

136 

142 

160 

Power factor 

0-82 

unity 

unity 

unity 

unity 

Full-load 






efficiency 

04 

93-8 

93 . 

92-6 

94 


per-nxin. air compressor at a synchronous speed of 
260 r.p.m. may be of interest as they do not bear out 
the author’s statement as to the immense. superiority 
of the salient-pole motor. The figures given in 
Table H were obtained over 12 months ago. The 




660 


DAVID: ELECTRICITY IN MINES: DISCUSSION. 


figures of capital cost include main switch and starter 
^d an allowance for saving on the compressor bed 
in the case of the salient-pole motor. The figures 
of efficiency are not strictly comparable with the author’s 
as they are at 0*85 leading power factor. Some figures 
recently obtained in connection with a second 3 000- 
cubic-feet-per-min. air compressor at the same speed 
are given in Table J. The above figures are from 
various makers. The figures in Table X, however, are 


Table K. 


Induction 

motor 

Synchronous 

induction 

motor 

Salient-pole 

motor 

Capital cost 

Power factor 
Full-load efficiency 

100 

0*82 

92-5 

—J— _^ 

114 

unity 

93*8 

132 

unity 

94 

i 


from the same maker. Taking the cost of the induction 
motor in Table J as 100, the induction motor in 
Table K costs 108. The figures in Table L are -also 

Table L. 


Capital cost 
Full-load efficiency 
Full-load pdwer factor 


Induction 

motor 

Salient-pole 

motor 

100 

98*5 

92»5 

93 

0*8 

unity 


from one maker. This is the most expensive induction 
motor offered and the cheapest saJient-pole motor 
In connecton with Part 2 of the paper the foUowine 
figures may be of mterest as showing how conditions 
vaj^ m different parts of the country At a grouTS 
coUie^ near Nottingham where the whole of Ke plant 
mth tte exception of winders and locomotives h^ W 
electrified, the figures are as follows:_ 


Ventilating fans 
Pumping 
General pit use 
Compressed air 


Units per ton raised 

.. 2*72 

.. 0-^1 
.. 415 


7*08 


K the winders were electrified the consumption would 

total of 9'68 umts per ton raised. These are verv 
pits with thin seams a long wav out Th. 
depth from the surface is 300 yards and the coal rSId 

At another pit in South Yorkshire drawhig about 


tons per 7-hour shift from a depth of 630 yards the 
figures are:— 


Winders .. 

Fans 

Compressed air 
Inbye haulages 
Pumping ., 

Washing .. 

Screens, shops and other 
uses on surface 


Steam 
Steam 

2 • 1 units per ton raised 
1 • 1 units per ton raised 
0 • 1 unit per ton raised 
0-8 unit per ton raised 

^‘4 units per ton raised 
6*6 

If the venders and fans were electrified the total would 
be about 13 units per ton raised. I should like to ask 
the author if he has any motors with Boucherot rotors 
^d, if so, what are the starting torques and currents 
obtained with them. I agree with him that it is very 
questmnable economy to install variable-speed or 
cascade motors for fan drives. I have known one or 
two cases where two-speed miotors have been installed 
and only run on top speed, due partly to the desire to 
mamtain the full volume-of air at week-ends and partly 
to the ^culty of finding suitable men to change the 
spe^ of the motor in question. The examples of the 
^mx tove shown on the lantern slide were extremely 
mterestmg, as indicating what can be done in economizinir 
space and making what is apparently a very simple 
and r^ble arrangemmt. What does the author con¬ 
sider to be the maximum horse-power that can be 
rutted by this method ? I quite agree with the 

r « VOIVi o i« Ir-e __ .... - 


.ugn oi course tne Ward-Leonard equipment is 
more favourable the longer the coal-turning period. 
As a matter of fact there are cases in this district with 
steam wnders already existing where it is false economy 
to install mixed-pressure turbines as against high- 
pressure sets. In considering electric winding e^h 
case must be judged on its merits. Where there is an 
unlimited power supply without risk of excessive voltage- 
drop. Stjemberg's coefacient is a very useful wav of 
an^ysmg the problem, but this cannot apply to tWe 
generating plants and^toLsmission 
K®“®>^ating sets and increased 
^pacity of transmission hnes wouldJiave to be installed 
to supply a.c. wmders. The value of the paper would 
have ^en e^^ced had a table of rope mid drum 
diameters and life of ropes been included. Mr. Weir 
mentioned seve^ cases of drums from 12 to 13 ft. dia. 

these and what life is 
Ob Wd with them ? The author mentions fuUy auto- 
matic control with the Ward-Leonard system, but l 

2ntioI^Tt*° whether he has tried fully automatic 
was Pomted out that a way of comphdng 
with the regi^tions and keeping all the plant iti one 

*^® engine man iH 

. Why not m the case of Ward-Leonard control 

^^®'® absoS 

control over the .cage and save the time of signalling 
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between pit bank and engine house ? A better alter¬ 
native in those cases where electro-pneumatic decking 
is in use would be by an extension of the decking plant 
control lever to make him operate both the decking 
plant and the hoist. Has the author had any experi¬ 
ence, where automatic keps are in use, of the keps 
being pulled away when there is a certain amount of 
slack rope above the cage ? If so, how does he guard 
against this contingency ? With the Ward-Leonard 
control and semi-automatic cam gear, does an engine 
•mg^ n ever pull his lever back and stop before the 
ascending cage has reached the keps ? If tliis happens 
with a cylindro-conical drum, will the slight movement 
of the control lever enable the motors to exert sufficient 
torque to raise the loaded cage on to the keps, and, if 
not, how is this difficulty overcome without waste of 
time ? Mr. Weir explained that there is a spring 
attachment to the control lever which enables it to 
move sufficiently to give the motors creeping speed, 
but this does not explam whether that movement enables 
the motors to exert sufficient torque to lift the loaded 
cage on the large diameter of the drum. On page 629 
the author compares the efficiency of the direct-coupled 
low-speed d.c. motors with tlie higher-speed geared 
motors on the Harworth colliery winder. Taking the 
capital cost of the whole equipment, including flywheel 
set, exciter, control board and complete winder (ex¬ 
cluding foundations, buildings and cables) as 100, the 
cost with low-speed direct-coupled motors would have 
been 123, or, taking the mechanical and electrical parts 
of winder only as 100, the equipment with low-speed 
motors would have cost 142. Apart from considera¬ 
tions of reliability, maintenance costs, etc., the efficiency 
of the motors and gears on the Harworth winder could 
drop to 76 per cent before tlie direct-coupled motors 
would show a saving on the score of efficiency only, so 
that there is here a large margin for repairs and main¬ 
tenance. It may be of interest to compare the corre¬ 
sponding steam consumption (running light) of the 
flywheel set given at the top of page 630, with tlie Har¬ 
worth fi 3 rwheel set. This set when running light takes 
3 660 lb. per hour (including allowance for condensing 
plant) witli 160 lb. per sq. in. steam pressure, 100 degs. F. 
superheat and 28 in. vacuum (actual figures, bar. 30 in.). 
The flywheel weighs 22 tons, is 12 ft. in diameter, has 
two 876-kW d.c. generators and eddy-current brake, 
gears, turbine, etC;, and the stored energy at 760 r.p.m. 
is approximately 83 million ft.-lb. The estimated stored 
energy in the author's set at 600 r.p.m. is 66 million 
ft.-lb. Assuming l&O kW input to induction motor, 
10 per cent loss on transmission, 96 per cent generator 
efficiency, and similar steam conditions, would give 
3 000 lb. of steam per hour. This is 26 per cent in 
favour of the steam-turbine-driven flywheel set. This 
could, of course, be considerably improved by increasing 
the pressure and superheat, but owing to there being 
boilers already in existence the plant was handicapped 
to that extent. This plant is not yet operating under 
anything like its full-load conditions, viz, 300 tons per 


hour from a depth of 940 yards, so that it is impossible 
yet to give any actual figures of results of working. 
The coal being raised at the present time is just under 
400 tons in the 24 hours. The author's application of 
the synchronous motor to drive the Ward-Leonard 
equipment is extremely interesting and further infor¬ 
mation about his device for keeping a steady power 
factor on the motor during the large fluctuations of 
load would be welcome. With regard to Part 3 of the 
paper, I quite agree with the author that the stand-by 
losses are more considerable than they are usually 
thought to be. It would be interesting if the calorific 
values of the fuels were given. At the group of collieries 
previously mentioned where there are four winding 
engines exhausting to atmosphere and only a small 
proportion from two engines going to a mixed-pressure 
turbine, the fuel consumption remains steadily year by 
year in the region of 3 • 6 per cent of the coal raised, but 
this may be due to the fact that it may be of much 
higher calorific value than the 4*72 per cent mentioned 
in the paper, owing to the boilers being mostly hand-, 
fired Lancashire boilers. The whole of this group of 
collieries is electrically driven from a central generating 
station at the central mine of the group. Only the 
winding engines are steam-driven. In conclusion I 
should like to ask the author why he has gone to so 
much trouble to reduce the starting peaks on his com¬ 
pressor motors when he has so many large a.c. winders 
on his system, 

Mr. A. D. Phillips : I notice from Table 2 that a 
very large proportion of the energy used in the South 
Wales coalfields is apparently for compressor purposes, 
and I gather from Mr. Weir's remarks that this is 
accounted for by the fact that the colliery managers 
and engineers will ^ not have electricity used at the 
coal face! In the Midlands I believe that there is very 
little compressed air used for this purpose and that 
electricity is generally favoured. I should therefore 
be interested to know >vhether the different policy 
adopted in South Wales is due to different conditions 
or whether it is dictated to some extent by prejudice. 
I gather from the paper that electric winding is fairly 
extensively used in South Wales and, from the figures 
given, this type of winder apparently shows a consider¬ 
able improvement in efficiency over the steam winder. 
In the Midlands the practice is again the reverse, and 
I should like to have the author's views as to whether 
in this case this is due to prejudice on the part of the 
Midland colliery owners. From the figures put forward 
as to the efficiency of electric winders it seems to me 
that if these figures are correct any colliery owners who 
fail to adopt electric winding in connection with the 
new coalfield development in Nottinghamshire will 
find within the next 6 to 10 years that their equip¬ 
ment, although comparatively new, is entirely out of 
date. 

[The author's reply to this discussion will be found 
on page 663.] 
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Mersey and North Wales (Liverpool) 

Mr. R. F. Bull : Referring to the author’s Opening 
remarks, I would say that in Lancashire also efforts 
have been made to achieve efficiency. In 1899, elec- 
trica.1 energy was generated for lighting, haulage, coal¬ 
cutting, etc. In 1903, steam turbines driving three- 
phase alternators were installed, and in 1913 two sets 
of electric winders were ordered with Ward-Leonard- 
Ilgner control by the same colliery company. On 
page 622 the author refers to the pulverizing and 
butning of inferior coals. Can he give any figures 
comparing the cost of burning similar coals, not pul¬ 
verized but hand-fired, in Lancashire boilers ? Is the 
winder referred to in Table 2 an a.c. or a d.c. 
machine ? At a Lancashire colliery, completely electri¬ 
fied except for one winding engine, tlie units per ton 
(not including the electric winders) were as follows :— 
Air compressors 12, fan 6, other plant (surface and 
underground) 7 ; total 26, This colliery is in its early 
development stages. At another colliery, completely 
electrified with the exception of its steam winding 
engines, the total units used vary from 8 to 10. The 
low figure is due to the very small amount of compressed 
air used. Does the author find any extra wear on 
the rnotor bearings with the Lenix drive, and has he 
experienced any trouble with the belt not gripping 
after it has been out of commission for some time ? 
Referring to the two-speed motors, it would seem that 
three speeds are really necessary—the middle speed for 
ordinary running, low speed for week-ends (if required) 
and high speed in case more air is required in the mines 
due to a sudden outburst of gas. On page 624 the 
equivalent h.p. for 6 396 cub. ft. per min. at 76 lb. per 
sq. in. is given as 1 038. The comparison seems hardly 
fair to the reciprocating set unless the steam consumption 
of the turbo compressor is taken when it is developing 
6 396 cub. ft. of free air per minute. Can the author 
say what is the running cost per 1 000 cub. ft. of air, 
comparing the turbo compressing plant, pipe lifie, etc.] 
with electric transmission and reciprocating com¬ 
pressors ? Fig. 4 shows typical load curves for a 
compressed-air plant and an electrical plant. The 
scale of loads is not given, but it appears that one of 
more 40 000 cub. ft. turbo compressors have to be 
st^ed up and shut do^ before and after the day 
shift respectively. I should imagine that this is not 
v^y good practice for large turbines. The author 
refera to the automatic air-controlled inlet valve on the 
vertical compressors, which is closed when the pressure 
exceeds a predetermined value and compression ceases, 
to commence again when the pressure falls by a few 
pounds per square inch. There is another type of 
conteol gear for electrically driven compressors, con- 
rotary unloading valves on the suction sides 
of the high-pressure and low-pressure cylinders. These 
vah^s can be adjusted to operate one after the other 
so that the load can be taken off and put on gradually, 
to reduce shocks on the compressors and sudden varia¬ 
tions on the power station. It would be interesting to 
toow ’^^hat air meters the author uses, also if he has 
had any trouble‘with his pipe line due to water, expan- 


Centre, AT Liverpool, 20 April, 1926. 

Sion, or contraction. There is a great demand for air 
meters at a reasonable price for placing in branch 
mains to check the flow of air to various districts. 
How does the winding-motor control compare with the 
synchronous-motor-driven converter set against the 
fl 3 ^heel set from the point of view of accelerating and 
retarding quickly ? Referring to Table 1, I should be 
glad if the author would state whether the installation 
working with steam at 360 lb. per sq. in. pressure and 
700° F. results in any considerable saving. 

Mr. E. W. Ashby : Curves are given in the paper 
comparing the efiiciency of motors of geared and direct- 
driven winders. The system dealt with in the paper 
will have a high power factor owing to the liberal use 
of synchronous machines, but I think it would be of 
interest to those who use ordinary induction motors to 
compare power factor for high-speed and low-speed 
winding motors. Regarding Mr. Bull's remark about 
the cascade motor, I ,have handled inquiries for these 
over a period of six years, and three-speed motors are 
often asked for. Taking a single-wound cascade motor 
having two speeds of 600 and 333 r.p.m. (60 periods), 
the third speed with this winding would be 1 000 r.p.m. 
The top speed would thus b^ too high to meet the 
conditions set out by Mr. Bull, and to obtain ar third 
speed of 600 r.p.m. a second stator winding is necessary. 
This increases the cost by about 20 per cent over that 
of a two-speed machine. The additional speed is well 
worth the extra outlay, but in the majority of cases tlie 
colliery engineer decides on the two-speed motor. 

Mr. H. Pryce-Jones : I should like to ask whether 
the S^bbs-Perry scheme, the details of which Mr. Perry 
has given, can be used as a straight a.c. equipment. 
The ^op in speed necessitated by the giving up of the 
kinetic energy of tlie flywheel would of course result 
in a frequency variation, which in turn would have an 
adverse effect upon tlie electrical efficiency of the 
generators and winder motors. If an a.c. equipment 
has been utihzed in this arrangement, how does its 
overall efficiency compare with that of a Stubbs- 
Perry scheme operated upon the d.c. Waxd-Leonard 
principle ? 

Mr. T. Hodge: The paper is in my opinion rather 
in the nature of a treatise on Electricity at Mines," 
than ^ in Mines," and although the author gives some 
very interesting figures in regard to the production of 
power and the methods of its application, I am sorry 
that the transmission of it has not been touched upon 
more with reference to underground purposes. Has 
the old trouble of the cores of the pit-shaft cables being 
squashed together by the clamps holding the cable, 
and the consequent short-circuits, been entirely over¬ 
come ? What progress has- been made along the main 
roads to ensure that cables are impervious to damage 
in case of falls of roof, or at such times as the tubs 
or wagons threaten to bring all the props along with 
them on their journey ? In view of the reports of fatal 
accidents, would it not be possible or economical in 
the case of distributors to transform dov/n to a safe 
voltage within a reasonable distance from the coal- 
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cutters ? With, regard to the motor on tlie coal-cutter, 
and its trailing cable, does the author consider that it 
will ever be safe in the light of recent developments to 
use it in any worldng place where safety lamps are 
necessary? It is pleasing to see what strides have 
been made in the use of electricity for winding, but I 
fear that there will not be a large field for electric 
winders in England in the future, mainly on account 
of capital cost and the depleted state of the coalfields. 
1 was surprised to read on page 624 that the trans¬ 
mission losses with electric power and compressed air 
are so nearly equal. With regard to the latter part 
of the paper dealing with the amount of unskilled 
labour, I do not see that electrification can affect much 
economy, since the few skilled labourers require a 
higher rate of pay. In addition, they might at times 
be more difficult to manage than some of the unskilled. 
Is not the principal' effect of electrification a higher 
plant efficiency ? 

Mr. C. Rettie : I do not quite understand the 
system proposed for small collieries and should like 
some explanation on this point. For instance, I was 
always under the impression that the Ward-Leonard, 
Ilgner, or cascade system was far superior to any other, 
no matter vrhat size the colliery happened to be. What, 
for instance, becomes of the peak loads in the system 
proposed by the author ? With regard to tlie economies 
gained^ by the use of electricity in mines, I have always 
laid down in other directions that economy is not 
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always the deciding factor, but rather the ability to do 
things more safely and better. With regard to mine 
signalling, as the driver does not see what is going on 
in the shaft he depends entirely on reliable signalling 
apparatus, and this, in addition to providing safety, 
must affect the economical working of the mine. 

Mr, E, M, Hollingsworth: Unfortunately, for 
financial and other reasons, the colliery companies in 
this area have not seen their way to adopt the pro¬ 
gressive policy of the South Wales owners, and, as in 
the case of the Powell Duffryn Co., with the excellent 
results given in the final part of the paper. The advan¬ 
tages of electrical working generally in the mines are 
well known, but outside the South Wales area there 
are very few cases where electric winding has been 
adopted. That part of the paper dealing with winding 
is therefore of great interest, particularly the comparison 
of the merits of the a.c. and d.c. systems, and the control 
apparatus. The author has not hesitated to apply 
synchronous motors to drives for which a few years 
ago such motors would not have been considered 
suitable, and his experience goes to show that the 
synchronous motor is satisfactory and, of course, is of 
great value as regards power factor improvement. Is 
any great progress being made in the direction of the 
replacement of compressed air by electricity at the 
coal face, also what recent improvements have been 
made in the direction of reducing risk with electrical 
machines in gassy mines ? ‘ 


The Author’s Reply to the Discussions before The Institution and at Manchester^ 
Newcastle, Birmingham, Nottingham, and Liverpool. 


Major E. I. David {in reply ): I propose to deal with 
the various points raised, under separate headings. 

Boiler Mr. Sparks, Mr, Burgess and others 

refer to the various fuels burnt under colliery boilers. 
I agree that it does not pay to burn dirt; but coke breeze, 
washery slurry, froth flotation slurry and other difficult 
but clean fuels can be and are being burnt by blanketing 
or mixing with other fuels. Mr. Burgess also refers to 
burning coke breeze alone, and other low volatile fuels 
with fires, but he obtained only 66—60 per cent 
efficiency and outputs of 60—67 per cent of the boiler 
rating. I would point out that by the blanketing 
method average efficiencies of 82 and 100 per cent 
boiler outputs with 12-13 per- cent CO^ are being con¬ 
tinuously obtained. This replies also to Mr. Harvey's 
question in regard to coal-washing. With 30 per cent 
ash in hand-fired boilers an efficiency of 66-60 per cent 
would be a good result. Coal-washing is not expensive— 
it is the loss of weight in the iremoved dirt that makes 
the principal difference in the cost of washed and un¬ 
washed coal. If people would buy on calorific value 
and burning properties, all small coals vpould be washed 
and railway carriage on ashes saved. 

Mr. Mountain's long experience in mining electrical 
engineering makes his extensive contribution to the 
discussion of the greatest value. I agree 'with all his 
remarks on boilers. The old fallacy of tlie reserve steam 
capacity of Lancashire boilers still deludes people into 
installing them where steam winders are used. The 


largest steam winder at present installed takes 800 lb. 
for one wind, and tliis weight of steam would hardly 
make a visible movement in the water gauges in Hie 
necessary bank of water-tube boilers. In comparing 
gas engines and gas-fixed boilers, Mr. Mountain talces a 
boiler efficiency of 70 per cent only, whereas I take 
82-85 p*er cent; otherwise our results are identical. For 
my comparative figures I refer Inm to Table 1. His. 
tables giving generating costs under various conditions, 
are interesting, but the size of units taken is very small 
compared with the power equipment of a modem group 
of collieries. The capital costs in Table A are very high, 
also the labour cost; gas at 6d. per 1 000 cubic ft.,, 
calorific value 460 B.Th.U. per cub, ft., is equivalent to 
coal of 12 600 B.Th.U. per lb. at 31s. per ton and is too 
high. A charge of 4d. would be more reasonable. 
The coal costs and labour charges in Tables B and C 
are again high owing to the small plant. Table D is. 
betsed upon‘the assumption that low-pressure steam costs 
nothing, but I cannot agree to this assumption. I 
consider that the cost of steam to the high-pressure 
engine and the low-pressure turbine should be charged 
in proportion to the heat-drops in the two machines. 
This is normally 50 : 60. On this basis, taking the low- 
pressure steam consumptions' of the mixed-pressure 
turbine as double that of the high-pressure turbine, the 
,cost for steam would be the same for each machine. 
This would make the costs per unit of the mixed-pressure 
machine practically the same ias those of’the high-pressure 
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machine in Table B. The condition that the available 
low-pressure steam exactly corresponds to the load during 
working and night shifts is most unusual, and high- 
pressure steam is required to bridge gaps in the low- 
pressure steam supply. Mixed-pressure* turbines are 
normally extravagant on high-pressure steam and, in 
my experience, units generated by mixed-pressure tur¬ 
bines cost more than those produced by high-pressure 
turbo units. Further, double quantities of steam require 
double the amount of condensing water, and this is 
usually a further objection to mixed-pressure turbines. 
Pages 634 and 635 and two of the lantern slides exhibited 
show that there are other losses in connection with steam- 
winder mixed-pressure turbine equipments and that 
where electric power is available at a moderate cost per 
unit, or can be produced for coal consumptions of less 
tl^ 3^ lb. per unit, the complete electrification of 
winders, fans and all other machines is justified. 

Mr. Routledge's remarks on the large gas engines 


pressed-air-ojperated air-break type, the contacts show 
only 7/1000 in. of wear, and the maintenance cost is nil. 

In reply to Mr. Lloyd, my figure of £160 per annum* 
refers to a number of oil-immersed reversing-switches, 
both hand- and contactor-operated, and is an average 
figure. Oil renewals alone on one contactor switch 
amounted to £10 per month. The air-break air- 
operated contactor is actually cheaper than an oil- 

immersed type of equal capacity, but takes up sHghtlv 
more room. ' r o j 

In reply to Mr. Burgess, my experience of oil-immersed 
contactors covers the four principal makers and extends 
over 13 years. On a winder which makes or breaks a 
magnetizing current of 100 to 120 amperes at 3 300 volts 
6 to 8 times a minute for 8 hours, the contactor must 
be examined daily and the oil changed at least once 
in four weeks. There is no difficulty in housing air- 
break contactors in the basement of an engine house 
in a suitable stone cell with interlocked doors. Air. 


Table M. 


Units per ton raised. 


District 


Table 2 
Table 7 

No. 1 .. .. 

No. 2 

North-East Coast— 

No. 1 
No. 2 
No. 3 
No. 4 

Midlands and Yorkshire 
Lancashire ., 


Winder 


91 

88 

08 


99 


3-21 


Fan 


3 

4 

3-04 
3-70 


27 

07 

47 

27 

72 

0 


(presumable for blast-furnace gas) and coal economy 
the Midlands axe interesting. In Table 1 interest 
taken at 6 per cent, amortization at 16 years for plai 
and 26 years for buildings, etc. 

In r^ly to Mr. Bull, I have no figures for hand-fin 
Lancashire boUers but have burned coals down to 9 p 
c^t volatile in pulverized-fuel equipments. The ef 
m^caes were no better than those obtained by the san 
wich method on a chain-grate stoker with balano 
draught. I would refer Mr. Bull to the last paragrat 
on page 621 for a reply to his query in regard to hie 
pressure and high-temperature steam. 

SmUhgear.~m. Burgess and Capt. Mackintosh a» 
TOtt my appreciation of compound-fiUed switchgear 

a CO* 

pound-fiUed transformer chamber as a set of currei 
transformers in a cubicle, and in all other directions it 
^uaUy flexible. I strongly recommend its use in screei 
mg plant, owing to its immunity from dust troubles. 

W^*fer ^hgear.—I>T. Garrard. Messrs. Spark 
Mountam, Perry. Weir, Maclean and others are evidentl 

witches. After one milhon operations of the con 


Pit use 

Pumping 

Compressed air 

Total 

1-6 

3*6 

20 

32^ 

3*71 

— 

15*1 

26*72 

1*71 

1*01 

16*67 

26*21 

0-64 

10*01 

27*60 

49*93 

3-66 

1-00 


8*16 

2-88 

1*41 

— 

7*68 

1-33 

1*11 


6*9 

8-88 

6*14 

— 

21*6 

4-16 

0*21 

— 

7*08 

7-0 


12*0 

26*0 


break contactors are used on trains where the space is 
far more confined. 

Power factor correction.—Mr. Routledge accuses me of 
(temissing the static condenser as hardly worth con¬ 
sideration. Far from it. I refer on page 622 to my 
contribution to the discussion on Kapp’s paper where I 
recommend the static condenser for use in the very 
conditions he specifies and give an instance of the 
economies effected by the installation of a 236-kVA 
^ 300-volt three-phase 60-cycle condenser. His figures 
confirm mine. • 

Power utilization.—Uessis. Maclean, Routledge and 
Bull pye comparative figures for the consumption of 
mectricity per ton in various districts. I have collected 
mese into Table M and have included those given in 
Tables 2 and 7. 

In the case of the North-East Coast, Nos. 1, 2 and 4, 
the units for pit use include the power used for com- 
preraed-air production. General pit use in the South 
Wales table dpes not include a washery, coal-cutters or 
^nveyers. The Midlands appear to be fortunate in 
Imvmg a very low pumping load. No. 1 colliery is an 
old one in which*a portion of the conveying and cutting 
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is done by compressed air. The depth is moderate and 
there are a number of horses underground. No. 2 
colliery is a deep colliery in which, the whole of 
the output is conveyed by compressed-air-driven 
conveyers and there are no horses underground. Mr. 
Routledge^s figures forin a very interesting comparison 
with Tables 2 and 7. Ventilation is naturally a heavier 
load in the gassy South Wales seams in the proportion 
given, i.e. 4 to 2-72 units. The figure of 4*76 per cent 
of coal consumption in Table 6 includes steam engines, 
fan engines, compressors and mixed-pressure turbine. 
The figure for winders and mixed-pressure turbine alone 
is 2-48 per cent, whilst for winders, mixed-pressure 
turbine and fan engine it is 3* 16 per cent, which is 
probably better than his figure of 3*6 per cent, owing 
to the higher boiler efficiency. The calorific value of 
the fuel varies from 12 000 to 13 000 B.Th.U. per lb. 

In reply to Mr. Bull, the winder in Table 2 is Ward- 
Leonard controlled, as this is a necessity for an output 
of 300 tons per hour from a depth of 700 yards. 

Pumping and pump motors, —In reply to Mr. Routledge, 
I have a number of motors running with Boucherot 
rotors up to 150 h.p. at 1 500 r.p.m. They take about 
1J times full-load current to start against normal turbine 
pump torque and run up to speed very smoothly. 

Fans,—In reply to Mr. Juhlin, I suggest the possi¬ 
bility of the use of a clutch for fans or compressors 
but d<a not advocate its use. I agree that the synctoo- 
nous induction motor is the most suitable for fan drives 
and have installed over 20 in the last two years. 

Mr. Jones refers to Williams-Janney gear. I think it 
is quite unnecessary for fan drives, as all requirements 
are met by single-speed or two-speed motors with 16— 
20 per cent higher efficiency, but there is a limited field 
for its use in haulages and small winders. 

Mr. Bull requires a three-speed fan motor. This 
would mean some sacrifice in efficiency and reliability. 

In reply to Mr. Routledge, the figures for American 
fans starting with drift doors closed are only of use to 
show what can be done by co-operation, but in this 
country such tests are improbable for the reason he states. 

Fans ; Lenix drive, —In reply to Mr. Mountain, the 
Lenix drive is more efficient than a rope drive, takes 
half the space and has a range of speed up to 12/1. The 
maximum power transmitted by the Lenix drives shown 
in the lantern slides is 600 h.p. at 120 r.p.m. at the fan 
shafts 

Fans : special salient-pole high-siarting-iorque motors, 
Mr. Jack and Mr. Mann are correct. The type of motor 
in Fig, 2 is expensive and unnecessary. All require¬ 
ments can be met by the induction or salient-pole tjrpes. 
I agree that it is better to synchronize (i.e. close the field 
switch) on salient-pole machines on the tap voltage, as 
this reduces the current carried and broken by the switch 
contacts to a very low value (at unity power factor) 
with correspondingly increased life. If Mr. Mann will 
examine Fig. 1 he will find that the horse-power is given 
clearly in the diagram on the bottom line. This diagram 
refers to a synchronous induction motor. The voltage 
of excitation of the salient-pole motors is 110 volts. 

Fans ; comparison of steam and electric drive, —Mr. 
Mountain's figures for steam-driven and electrically- 
driven fans can be compared directly ^with Table 8 of 


the paper, as the fans are identical in size. My figures 
are actual results of several years' operation. He does 
not debit the electrical equipment with any capital 
charges. In Table 8 tlie actual costs for motor starter 
and Lenix drive were £1 400, giving a yearly charge of 
£176. No spare boiler plant is allowed in his steam 
equipment. This would add considerably to his capital 
costs. The actual steam equipment in Table 8 consisted 
of two Babcock boilers and a low-speed drop-valve 
rope-drive engine. The coal consumption was 6 600 tons 
per annum. At Mr. Mountain's figure of 12s. per ton, 
as taken in his power cost tables, this amounts to £3 900 
per annum. Maintenance, capital and other charges 
amount to £1 600 per annum, making a total of £6 600 
per annum. For the same quantity and water gauge 
the units consumed by the same fan electrically driven 
were 2 100 000 per annum. Deducting the capital 
charges for the electrical equipment, £175, from the 
total cost for the steam fan, £5 600, leaves a ye^ly 
charge of £6 325 for the electrical units, or a permissible 
charge of 0-6d. per unit. 

A fan, being a 100 per cent load factor load, is very 
desirable, and, when added to the other electrical loads, 
has a great effect on the colliery load factor. Ta kin g 
Mr. Mountain’s own figures in Table B, a normal load 
factor for other loads at a colliery would be 30 per cent, 
excluding compressed air, or, in Table B, 2 600 000 units 
per annum. Adding the above fan load of 2 100 000 
units gives 4 700 000 units, improving the colliery load 
factor to 63 per cent and reducing the unit cost from 
0‘663d. to 0*47d. Further, the fan drive is, as shown 
elsewhere, particularly suited for a synchronous motor or 
other power-factor-improving drive and, in my opinion, 
should be one of the first machines electrically driven. 

Compressors and compressed-air transmission, Mr. 
Sparks, Mr. Johnson and others refer to the efficiency 
figures given for compression and transmission of air 
for use underground and suggest that these figures are 
misleading. I assumed that it was general knowledge 
that compressed-air engines without interheating can 
only rec 30 ver firom 20 to 26 per cent, and with interheating 
30 to 35 per cent, of the energy used in compressing 
the air. Therefore compressed air will only be used 
where it is inadvisable to use electnci^. Progress in 
mining methods and improved ventilation will open up 
more places where electricity is permissible, and we must 
put up with the inefficient but otherwise* satisfactory 
air engine while we make our air-compressing and trans¬ 
mission plant as efficient as possible. 

In reply to Mr. Harvey, Mr. Wood and others, con^ 
parative efficiencies for compressed-air production and 
transmission were given to the pit-head only. At this 
point the equipment usually passes out of the hands of 
the electrical engineer. Leakages below ground are 
seldom less than 16 per cent and often more than 60 
per cent of the total volume. Part of this is used for 

ventilation. . ,, 

Mining electrical engineers are aware that witn 
reasonable precautions and properly designed appa¬ 
ratus it is safe to use electrical machinery under¬ 
ground, but under the Coal Mines Act it must be shut 
down when gas is present, whereas compressed-air 
machinery can continue to operate and its Sxhaus 
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helps to purify the working place. Leakage under¬ 
ground is a bugbear, but careful attention to the total 
consumption of a colliery, combined with week-end 
pressure-drop tests, can keep the engineer informed of 
the extent of the leakage. I agree with Mr. Burgess 
as to the absolute necessity of care in maintenance, 
even when the most adequate apparatus is installed. 

I do not agree with Mr. Johnson that it has long 
been appreciated that air transmission is more efficient 
than electrical transmission over short distances: Emi¬ 
nent mining and .electrical engineers, including a 
number of contributors to this discussion, have been 
surprised at the efficiency achieved , in compressed-air 
transmission. 

Mr. Mountain appreciates what many other speakers 
have not done, viz. that compressed-air power is a neces¬ 
sity in certain places. The efficiency figures given on page 
524 refer to a Beilis and Morcom compressor and I endorse 
Mr. Mountain's appreciation of these machines. Wear 
and tear of all parts of inbye compressors is excessive 
and they axe not to be recoinmended. Further, their 
diversity factor cannot compare with that of surface 
.or central-station machines. Mr, Mountain suggests 
that the. makers should be consulted with regard to 
the type of unloading device to suit the motor. When 
.this was done in 1919 they all required 100 per cent 
starting torque. The exp^iment referred to on page 
523 was made as a result. Mr. Mountain overlooks the 
fact that salient-pole synchronous motors not only 
improve power factor but at unity power factor are at 
least 2 per cent more efficient at full load and 20-25 
per cent more at light loads than induction motors. My 
remarks on fan drives apply equally to Mr. Mountain's 
figures for compressor drives. 

. In reply to Mr. Bull, the comparison of the two types 
of compr^sors is taken at fuU, output in each case. 
The running cost of the electrically-driven sets is about 
10 per cent higher than that of the steam turbo type 
and pipe line, owing to the higher efficiency and lower 
maintenance cost of the latter. No difficulties result 
from the practice of running one steam tuabo-com- 
pressor for 7 hours per day. A number of other turbines 
have to be run during the working shift period only. 

Both B.T.H. and Kent indicating and recording air 
metOT have been in use for some years with satisfactory 
results. Siemens-Halske meters are also used; these 
have an elebtrical recording device. Water traps are 
^ed in low places on the air mains, and no trouble 
has been experienced due to water or. expansion, though 
v&y few expansion joints are fitted. 

In reply to Capt. Mackintosh, the figures on page 624 
show the superior efficiency of steam-driven turbo- 
TOmpressors of large size over electrically-driven sets, 
but ffie ^oup of collieries cited have over 12 000 h.p 
of electrically-driven compressors (mostly with svn- 
^onous motors) for the very purpose which Capt. 
Macintosh suggeste, i.e. to balance the load betwwn 
me electncal and air systems and to improve the power 
lactor generally. ^ 

• suggests that if electric power were used 

J^^d of compressed air the average figure given in 
Table 2 would be reduced from 20 units to 6-7 units 
I would go further and say 4-6 units. 


Compressor drives.—Mx. Johnson and Mr. Juhlin 
doubt the comparative efficiencies given for salient-pole 
and induction type synchronous motors. The efficiencies 
are test-figures of two machines of the same horse-power 
and speed at unity power factor, each by the 
who most strongly advocates the competing type. 
They are erectly coupled to compressors. The salient- 
pie machine has given no trouble, but the induction 
type machine has been shut down with various troubles 
.for 26 per cent of its time. I do not agree that a difier- 
.OTce p only ^ to 1 per cent is usual, and 1. would refer 
Mr. Johnson to my contribution to the discussion on 
CaiT s and Kapp’s papers referred to on page 622. 

Mr. Rputledge’s figures for the relative costs and 
effipneies of synchronous induction and salient-pole 
motors do not a^ee with mine, which are for largm- 
lowp-speed machines, necessitating a double winding 
on me mduction-motor rotor. Corresponding figures of 
machmes of me size he gives, obtained two years ago 
were, at unity power factor:_ 


Induction 

motor 

92‘5 


Synchronous induction 
motor 

93 


Salient-pole 

motor 

94-5 


Coifipressor drives; auto-starters.—Mr. Julilin and 
Capt. Mackintosh appear to mink that I am prejudiced 
against auto-starters. After several years’ trouble with 
the starting apparatus on two I 000-h.p. 1 600-r.p.ni. 
sqmrrel-cage pump motors, mese were altered to slip- 
mig machines and mere has been very little furmer 
trouble. 'VVim regard to the H26-h.p. salient-pole 
machmes, I would refer Mr. Juhlin to page 624 where it 
IS specifically stated that me chief trouble lay in tlie 
auto-transformer. Three different mates have given 
trouble, so it is not confined to any specific design. 

In reply to Mr. Routledge, no special effort has been 
made to reduce me starting peaks on compressor motors ; 
me os^lograp^ were talcen and omer tests made with 
me object of diminating breakdowns in me starting gear. 

Mr. Harvey’s suggestion of a number of stops for 
auto-transformem would not prevent me troubles on the 
jailer sizes, which are principally due to sheer abuse. 
For large machines the ideal starter would be an indue- 
tion transformer wim a short-circuiting switch. 

Electric winders. —^Mr. Horsley and Mr. Mann refer to 
automatic .control. Two of me a.c. winders illustrated 
m me lantern slides have electrically-operated control 
of me type mey refer to, but I prefer me weif-tried 
Whitmore or profile mechanical device. Eimer of ffiese 
gives contouous control of speed throughout me wind, 
and sensitive overspeed setting. In addition, I fit 
overwind switches in the headgear in case of failure of 
me speed-control drive, as in me recent Cwm Colliery 
accident. The brake application should be graduated 
dunng the high-speed portion of me wind, but instan¬ 
taneous in case of overwind. I do not see any reason 
why futme electric winding plants may not be fully 
automatic, combined wim automatic decking under 
me control of one man in an enclosed cabin at me pit- 
head. I have not tried full automatic control on a 
Ward-Leonard winder. The spring connection in the 
cam gear allow's sufficient movement to produce fuD 
torque at ** dead " low speed. 
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Mr. Mountain still appears to be doubtful about the 
advisability of electric winding. I agree that his con¬ 
clusions Nos. 1 and. 2 of 20 years ago still hold, but 
there is very little coal available to-day of a lower value 
than 12s. per ton. His conclusion No, 3 must be modi¬ 
fied in view of the enormous increase of the colliery loads 
other than winding. In Table 2 the winder units are 
only 12 per cent of the total loads, and even the peaks 
do not exceed 25 per cent of the average load. His 
conclusion No. 4 is true of isolated collieries, but if by 
joint ownership or co-operation a group of collieries 
can run a large central station or stations, interlinked 
with waste-heat stations, then a supply company can 
only compete by virtue of its greater diversity factor. 
Another factor which tells greatly in favour of central¬ 
ized power supply and complete electrification is the 
increased cost and decreased output of labour. Small 
steam plants are notoriously extravagant of labour, and 
the costs of this item are seldom given proper considera¬ 
tion in comparative estimates. 

In spite of Mr. Mountain's statement witli regard to 
the standard practice of installing steam wind^ and 
inixed-pressure turbines in the Doncaster district, no 
less'than five toge electric winders have been installed 
there and three more are on order in the last two years. 
Further, no steam winder in the country haS an ouf^ut 
or efficiency equal to that of the Ward-Leonard set 
described on page 631, i.e. 625. tons per hour from a 
depth of 660 yards with an efficiency of 64 per cent. 
This rather disqualifies his statement that electric 
winders are only suitable for small outputs. I can assure 
Mr. Mountain that. the unit costs in the stations to 
which I refer are such as to justify considerable capital 
expenditure in electrifying winders, fans and compres¬ 
sors. A small proportion of these units is generated by 
waste heat, i.e. gas engines or mixed-pressure turbines. 
The units generated by mixed-pressure turbo-alternators 
{which are properly charged with the cost of heat units 
in the steam supplied to them) cost considerably more 
than those generated by modern high-pressure tiirbo- 
altemators. 

Mr. Perry does not agree with my conclusion tliat it is 
better to spend money in increasing the generating plant 
and transmission system than to install flywheels. He 
speaks from the manufacturers* point of view. My 
conclusion is based upon several years* operation of a 
system having nearly 40 large electric winders connected 
to it, including the two largest flywheel winding sets, 
the two largest Ward-Leonard sets and the two largest 
a.c. winder sets in this country. The peak loads which 
cause the most disturbance in the system are those from 
the flywheel sets. Referring' to Table 4, although the 
Ward-Leonard output is 12J per cent higher, its peak 
load is only 6 per cent higher, due to the very much 
higher overall efficiency. The assumption that the 
introduction of a flywheel produces a uniform load 
demand is never borne out in practice, even when working 
at full schedule output. Large winders have peaks 
.extending over periods of 16 to 26 seconds, and for 
complete equalization the flywheel must give put 25 000 
to 36 000 kW-seconds (a very different quantity of 
energy from that required in rolling-mill Ilgner sets). 
Speed is regained during the brakii^g and. banking 


periods, which may be 30 to 40 seconds. The result is 
that energy is imparted to the flywheel at low efficiencies 
of the driving induction motor. Further, the usual slip 
regulation of 10-15 per cent reduces the motor efficiency 
during the peak-load period by a corresponding amount. 
Even without a flywheel the light-load losses of an 
induction-motor-driven set are 60 per cent higher than 
those of a synchronous motor. at unity power factor, 
and with a fl 3 rwheel 100 per cent higher. The extra 
cost of a 30-ton flywheel complete with shaft, bearings, 
etc., is about £5 000. The . extra cost of gen^ating 
plant to carry tlie Ward-Leonard peak would be £2 000 
if the actual peak kW were charged for, or nothing if 
R.M.S. kW were taken. Flywheels are useful for dealing 
vnth peak loads of 4 to 2 seconds* duration, but I am of 
the opinion that peaks of 16 to 25 , seconds are better 
transmitted to the generating plant and thence to the 
boilers. Mr. Perry advances the Stubbs-Perry scheme 
as a solution of heavy winding problems, even for a 
group of collieries. As only one Stubbs-Perry equipment 
is in operation at the moment and the second set has 
been ordered with an induction motor as an auxiliary 
drive to save power in the non-coal-winding shift, I 
do not propose to discuss the system at the present time 
but await with interest the operating results. The 
figure given for the direct-coupled d.c. winder motor on 
page 629 is the average test figure of several motors of 
similar output and speed. 

Capt. Mackintosh's objections to the Ward-Leonard 
winders (apparently including a flywheel) that they 
must be unreliable'because of the number of links in 
the chain is not borne out by practice. In 13 ye^s 
operation there have only been three stoppages exceeding 
16 minutes on two large Ilgner sets. Owing to tlie 
arrangement of motors and generators in pairs only one 
of these stoppages (a fire in the engine room) shut down 
a winder completely. My experience is that an electric 
winder is more reliable than a steam winder. 

In reply to Mr. Johnson, the actual k'W absorbed by 
a 12 ft. 6 in. diameter 30-ton flywheel running at 485 
r.p.m. is? about 36. This can be reduced by 60 per. cent 
by the methods Mr. Johnson suggests, but iffie vacuuin- 
producing apparatus will absorb a portion of this 

saving. . , jr n 

Mr. Burns and Mr. Mann favour a.c. winders for an 
purposes. I have found in every case that the consump¬ 
tion per ton for a.c. winders is higher than the calculated 
figure, more particularly in large equipments dealing 
with peaks of 2 600 to 3 000 h.p. Loads vary greatly; 
a tub of rubbish may weigh 75 per cent more than a tub 
of coal, and Fig. 10 shows what happens with only 
12 J per cent variation of load. Their remarks axe based 
upon experience of winders of much smaller size,^ i.c» 
200-600 h.p. and more uniform loads. My conclusions 
are based upon a very large number of winders in all 
parts of this country and abroad, and on direct obse^a- 
tion of nearly 40 winders of sizes varying from 100 h.p. 
upwards. Some of these have been in operation for 
20 years. This paper refers only to larger machines 
which I considered would be of greater interest, and more 
particularly to those with povel features such as the syn¬ 
chronous-motor-driven Ward-Leonard sets or tlm com¬ 
pressed-air-operated air-break contactors. 
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, The Stjemberg formula or the alternative Table 3 can 
only be used as a preliminary guide. Up to 600 h.p. 
(R.M.S.) only exceptional circumstances should necessi¬ 
tate ^Vard-l.eonard j above 1 600 h.p, an a.c. winder is 
possible on only few S 3 rstems. The total cost per ton 
raised is the hnal factor. 

Mr, M!ann does not think reverse-current Weaking 
necessary. If he works with Stjemberg coefficients of 
0* 3 and upwards he will find it an absolute necessity on 
equijpments of 760 h.p, and upwards. 

Mr. Bums replies to Mr. Pryce-Jones's query that the 
Harworth-Stubbs-Perry equipment might have had a.c. 
control without apparently altering the efficiency. 

regard to the second Stubbs-Perry equipment, 
out of Mr. Mann’s lengthy explanation the fact which 
I stated ^erges, viz. that an induction motor is 
included with this set to mn the motor-generator for 
light-load winding or occasional trips. 

Mr.^ Mann’s analysis of Table 4 overlooks the fact 
that in the synchronous-motor-driven Ward-Leonard 
set voltage-drops due to peaks can be corrected by 
varying the power factor of the load dftmgT^ d, Pro¬ 
vision is made for this automatically in my patented 
device. He further states that a system that can 
^rry a 3 260-h.p. motor can carry a peak of 4 000 h.p. 
Surely it can also carry a peak of 4 600 h.p., and a 
flywheel is unnecessary on the Ilgner set. 

I have nothing to add to my remarks on tail ropes. 

I appreciate their advantages and would install th em 
If the mining engineers would accept thAm 

Mr. Mann’s remarks on pot and weir type controllers 
^e very, gratifying to one who has for many years 
fevoured the pot type in spite of strong opposition, 
ine two largest a.c. winders in this country have pot- 
controllers and air-break contactors and have 
been mnning for three years without a hitch. 

Weir questions my figures on the comparative 
costs of Ward-Leonard and a.c. winders, and Mr. 
Koutledge also questions my figures on geared and 
ungearM Ward-Leonard main motors. My comparison 
IS based upon a number of actual installatiofls and I 
c^ot agree that a complete Ward-Leonard set costs 
76 per cent more than a geared a.c. set. 

Here are comparative figures ;_ 



A.C. 

Ward- 

Leonard 

Geared 

Ward- 

Leonard 

Mechanical parts .. 
Electrical parts, including 

67-7 

48 

67 

cables. 

32-3 

87 

70 


100 

135 

137 


^ “““ “Otor in 

each c^e but duplicate generators on the Ward- 
Leonard motor-generator set. 

Witt rrference to Mr. Routledge’s comparison of 
«eare4 and direct-coupled winder motors, ttking his 


ratios and analysing them mathematically o^ the 
basis of the proportional costs of electric and mechanical 
equipment from some 30 tenders, the results are as. 
follows 


Percentage value of whole cost, 
electrical and mechanical gear, 

of main motor. 

Percentage of value of winding 
portion only, mechanical and 
electrical 


Single 

Double 

motor 

motor 

Per cent 

Percent 

32 

37 

47-8 

54-3 


From this it would appear that in the case of tho 
double-motor equipment the price of the high-speed 
electric motors would have to be . less than one-third 
of the price of the low-speed motors, and in the case 
of the single-motor equipment less than one-fifth. 
These are impossible values. He must have compared 
a very expensive type of low-speed motor with a very 
cheap high-speed motor. It will be seen from the 
average .of a number of tenders that the geared Ward- 
Leon^d equipment was slightly more expensive than 
the direct-coupled set. I a^ere to my opinion that 
a direct-coupled motor, of equal efficiency, is worth 
20 per cent more than a high-speed motor and gear- 
ing, and I have not yet been offered a liigh-speed 
equipment 10 per cent cheaper than a direct-coupled 
set. I cannot follow Mr. Routledge^s statement 
^th regard to relative efficienmes, as the geared and 
direct-coupled equipments are exactly equal in efficiency 
at 105 per cent full load, and the direct-coupled 
macffine has a higher efficiency at all lower loads and 
a slightly lower efficiency at die higher loads. For 
the normal winding schedule the efficiencies are practi¬ 
cally identical. Again, in comparing the steam con¬ 
sumption of the Harworth fl 3 rwheel set with that of 
the Britannia equipment, he has apparently taken 
the input on light load for the Britannia set and 
increased it for comparison with the Harworth set in 
the ratio of the fl 3 nvheel stored energy. As the actual 
losses in the flywheel amount to only 36 kW, as will 
be seen from Table 4 by comparing the third and 
fourth figures in col. 2, this is hardly fair. A more 
correct estimate would be as follows: The stored 
energy of the flywheel is 70 million ft.-lb. and not 
66 million as he takes. The light-load losses of the 
modern 3 200-volt Ilgner set without flywheel are 
116 kW, and with flywheel, increasing in the proportion 
of 70 to 80 million, 166 kW. Losses in transmission 
axe considerably under 5 per cent, as this set is within 
a mile of the principal power house. Taking the steam 
consumption per kW which he uses, the actual light¬ 
load consumption of this set would be 2 300 lb, per 
hour, against the Harworth consumption of 3 660 lb. 
per hour,^ or 37 per cent lower instead of 26 per cent 
'higher as he states. With a modem Ward-Leonard 
•equipment • still more favourable ♦ results would be 
obtained. I d<i not -think that tiie- time is opportune ’ 
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to discuss the merits of the Stubbs-Perry scheme; 
this should be postponed for a couple of years, when 
experience of the s^ctual operating results will be 
available. 

In reply to Mr. Bull, owing to the more uniform, 
speed of the synchronous-motor-driven Ward-I..eonard 
set, control is more definite as compared with that on 
the Ilgner set, which has a 15 per cent speed-drop. 

In reply to Mr. Ashley, the usual power factor of 
large geared winder motors at full speed is 0*80 to 
0-84, A direct-coupled a.c. motor running at 72 r.p.m,, 
under my control, has a power factor of 0*55 at full 
load. Another of 60 r.p.m. in the South Wales 
district on a 25-cycle circuit has a power factor of 
0 - 6 - 0 - 66 . 

Mr. Routledge confirms the economy of electric 
winders as compared with steam winders and mixed- 
pressure turbines for the 7-hour shift. Where two- 
shift or even three-shift operation is the custom, as in 
parts of the Doncaster field, the light-load losses for 
the steam equipment have less effect and tlie economy 
of the electric winder is not so fiiarked, but out of 
several hundred equipments which I Ijave calculalted I 
have not found a single instance where the steam- 
winder mixed-pressure turbine equipment is more 
efficient than the electric equipment, and the operating 
costs of two collieries almost identical in every respect 
from ^e point of view, of depth, output and class of 
coal, one with steam winders and the other an all^ 
electric equipment, show that the electric equipment 
there; effects a very appreciable economy. Anyone 
who has seen a large steam winder and a large electric 
winder in operation cannot but be struck by the 
smooth and simple, operation of the electric equipment 
as compared with that of the steam equipment. 

In reply to Mr, Hollingswortli, tlie capital cost of 
a completely electrified colliery, togetlier with its 
proportion of a centralized power scheme, is less than 
that of a steam-winder mixed-pressure equipment 
complete with boilers, plant, etc., and, as the figures 
given show, the operating costs are considerably 
less. The difference in the light-load losses of the 
synchronous motor and the plain induction motor for 
winder motor-generator sets is purely a question of 
light-load losses. The magnetizing current is practi¬ 
cally constant in the induction motor, with resulting 
high core loss and appreciable stator copper loss at 
light loads. The synchronous motor runs at unity 
power factor with minimum excitation low core loss 
and statqr and rotor copper losses. For the same 
shaft horse-power the induction-motor consumption is 
nearly twice that of the synchronous motor. 

Comparison of steam and electrical collieries. —Mr. 
Wood supports his partner Mr. Mountain in his 
championship of the steam-winder mixed-pressure 
turbine equipment for collieries. He takes some of 
the figures given in Table 5 of the paper and presents 
a case for a steam-winder mixed-pressure turbine 
equipment. If this is typical of the methods employed 
for calculating the coal consumption of collieries, then 
it is not surprising that colliery owners still install 
steam winders in spite of the proved greater efficiency 
of the all-electric equipment. His figure of 3 lb. per 
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unit does not agree with that given in the Electricity 
Commissioners’ Report for the year ending March 1924. 
Excluding group A, groups B and C, consisting - of 
36 stations of 200 to 60 million units per annum, have 
an average consumption of 2*33 lb. per uiut generated, 
but I will take his figure of 2*75 lb. to avoid contro¬ 
versy. He takes a 42-hour week, omitting the men- 
winding periods, the afternoon and evening shifts and 



Mr. Wood’s 
figures 

Actual running 
figures 

H.P. and L.P. steam per hour 
passed through M.P. turbine, 
lb. 

58 000 

68 000 

Boiler auxiliaries, condensation, 
blow-downs, steam blowers, 
etc., average per hour, lb. .. 

- 

12 600 

Total for 6 coal-winding shifts 



in one week, 42 hours, lb. .. 

2430 000 

2 960 000 

Average steam evaporated 
during afternoon and night 
shifts, including boiler auxili¬ 
aries, etc., per hour, 15 700 lb. 
over 102 hours 


1 600 000 

Sunday evaporation, M.P. tur- 


380 000 

bine not running 

— 

Total steam evaporated by 
, boilers in week of 168 hours, 
lb. 

2 430 000 

4 040 000 

Coal consumption per week at 


694 000 

7*12 lb. per lb. of coal, lb. 1 

342 000 

tons 

162-6 

310 

Alternative consumption for 
electric winders^ etc, 

Electric?*winder units .. 

62 600 

62 600 

Extra units owing to shut-down 
of M.P. turbine 

78 860 

78 860 

Total additional units required 

131 360 

131 360 

Coal at 2 • 76 lb. per unit, lb. 

362 000 

362 000 

tons 

161*6 

161-6 

Mr. Wood’s calculated extra 
coal for electric winder pro¬ 
position ... .. tons 

9*0 

_ 

Actual reduction in coal con¬ 
sumption by installing elec¬ 
tric winders .. • • tons 


149*6 



1 __ 


occasional winds. He also omits all reference to boiler 
auxiliaries, blow-downs, condensation, etc. I repeat 
the actual figures already given on pages 634, 535 and 
536 compared with Mr. Wood’s estimated figures, 
including the items that he has overlooked and correct¬ 
ing one or two of his small errors. The average boiler 
efficiency was 74-76 per cent, giving ah evaporation of 
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7*12 lb. per lb. of coal. Babcock boilers with chain- 
grate stokers and induced draught were used. The 
winding engines and mixed-pressure turbine were 
modem engines of the highest class. 

That is, instead of an increased consumption of 
coal of 9 tons* (corrected from 12J) as calculated by 
Mr. Wood, there will be a reduction of 149-6 tons per 
week based on the present actual coal consumption 
and the electrical consumption of the winding engines 
of similar collieries, i.e. 2-46 units per ton net or 
4-2 units per ton gross. 

In reply to Mr. Harvey, I agree that the choice of 
the most efficient and suitable winding equipment is a 
matter for experts. Tables 2, 6, 6, 7 and 8 can be 
completed by taking a coal consumption per unit to 
suit the size and load factor of the plant under 
cpnsideration. 

MisceUaneoi4s. —^Mr. Sparks and Mr. Sack consider 
that I have ignored lighting. Professor Thornton last 
year read a paper ♦ devoted principally to this subject, 
but we still await the transformers to give the 160 cycles 
which he advocated. As the power taken for lighting 
is only J of 1 per cent of the total power produced, it 
is not of great importance in the general scheme of 
'' Elec^city in Mines." Further, the same objections 
are raised to electricity for lighting as for power in 
certain places. Lighting at the pit bottom and wher¬ 
ever possible has greatly improved in recent years, 
pai^cularly in regard to the wiring and type of 
fittings. Miners' lamp bulbs are not so very inefficient 
as Mr. Sack suggests; 1-6 to 1-8 watts per candle is 
usual. I agree that 2 volts is too low, as contact and 
other resistances absorb too high a proportion. A 
4-volt lamp is now on the market. Miners' nystagmus 
has not been finally proved to be entirely due to inade¬ 
quate illumination. One school of thought attributes 
it to gases occluded from the coal. Again, repljdng to 
Mr. Sack, more than 76 per cent of the compressed 

• Journal 1924, vol. 62, p. 481. 


air produced is utilized by the actual coal-getter in 
cutting and conveying. 

In reply to Mr. Simon, a very large proportion of 
the underground haulages in South Wales are electri¬ 
cally driven, but the load factor of haulages is very 
low, varying from 3 to 6, and the proportion of total 
power taken barely 2J per cent. I agree that con¬ 
tactor-type reversing-switches reduce the labour of 
operation considerably, and I have introduced them in 
several heavy-duty haulages. 

Mr. Hodge raises a number of questions. With 
I regard to shaft cables, British-made paper-insulated 
cables seldom give any trouble. I have not had a 
3 300-volt shaft cable fail' for many years. Where 
roof-falls are frequent, double-'wire armouring and 
either steel piping or double D troughing are necessary. 
Progress in design and improvements in ventilation 
and other mining methods ■will eventually allow 
electricity to be used in every part of the mine. 

Mr. Phillips compares the conservatism of the Mid¬ 
lands and South Wales. At present the combined 
objections < of the mines inspectors, colliery managm's 
and miners prevent the extensive introduction of 
electric mining in the steam-coal measures in South 
Wales, but electricity is used at the face in house-coal 
and anthracite collieries. It appears tliat a similar 
prejudice exists against electric winding in the Midlands. 
This prejudice is supported by ■the absence pf any large 
pubHc supply company or any attempt to group 
collieries, and also by ■the fact that accurate records 
of^ ■(lie steam and coal consumption of steam-winder 
mixed-pressure equipments are rarely available. A 
grouping scheme is now in progress, so that electric 
winding may now have a chance to develop. 

Mr. Sp^ks and Mr. Harvey refer to the importance 
of reliability in mining plant. The minimum-wage 
operation is another factor which makes it of -the 
greatest importance. Efficiency is of no value if it is 
obtained at the expense of reliability. 
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REPORT. 

The Council, at the Fifty-third Annual General 
Meeting of the Institution of Electrical Engineers, 
present to the members their Report for the year 
1924-25, covering approximately the period from 
1st April, 1924, to 31st March, 1925, and, in doing so, 
desire to put on record their gratification at the con¬ 
tinued progress and prosperity of the Institution, and 
also to thank the many members who have so freely 
placed their services and knowledge at its disposal. 

(1) Membership of the Institution. 


The changes in the membership since the 1st April, 
1924, are shown in a table given in Appendix A. 


The following table shows the growth of membership 
for the last few years :— 

Year 

Membership 

Increase or deorease 

1915 

6 811 

- 234 

1916 

6 670 

- 135 

1917 

6 613 

- 63 

1918 

6 667 

+ 64 

1919 

7 023 

+ 356 

1920 

8 146 

+ 1123 

1921 

9 449 

+ 1303 

1922 

10 276 

+ 826 

1923 

10 911 

+ 636 

1924 

11416 

+ 604 

1925 

11743 

+ 328 


The membership of the Institution still shows an 
increase which, although much smaller than those of 
the years immediately following the war, is very 
satisfactory. 

(2) Chartered Electrical Engineer.** 

The Council think it useful to include in this Report 
the contents of a letter which was despatched to all 
Members and Associate Members on the 6th May, 1924. 

Under Bye-law No, 9, which has received the sanction 
of the Privy Council, every Member and Associate 
Member of the Institution is entitled to describe himself 
as a " Chartered Electrical Engmeer.*' 

The privilege is one which attaches to the individual 
member, and if that is borne in mind, little difficulty 
will arise in making a legitimate use of the title. For 
example, when the names of all the members of a firm 
are printed separately on the letter paper of the firm, it 
would be appropriate that those of them who are 
Members or Associate Members of the Institution should 
have the qualification M.I.E.E.** or ** A.M.I.E.E.** 
added to their names, followed by the title '' Chartered 
Electrical Engineer.** But this should be done^in such 
a way as to malce it quite clear tha^ the title applies 
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individually to certain members of the firm and not 
to the firm itself. 

Si mil arly^ those directors of a company who are 
Members or Associate Members of the Institution may 
legitimately make the same individual use of the title 
** Chartered Electrical Engineer/’ 

The privilege being an individual one, a Member or 
Associate Member of the Institution should not append 
the title “ Chartered Electrical Engineer ” to his signa¬ 
ture when he signs a letter or other document on behalf 
of his firm or company. 

A Committee, presided over by the President, has 
been appointed by the Council to deal with any cases 
of doubt or difficulty which may arise in connection 
with the use of the above designation, and all such 
cases should be referred to the Secretary, who will 
bring the matter before the Committee for their decision. 

The Council feel confident that they will receive the 
support of the members in preserving the strict use of 
a title which barries with it an honourable distinction. 

(3) Unauthorized Use of the Letters " A.M.I.E.E.” 

It recently came to the knowledge of Mr. J. Orchiston, 
the Local Honorary Secretary and Treasurer of the 
Institution for New Zealand, that a person in that 
Dominion was falsely representing himself as being a 
member of the Institution and using the letters 
A.MJ.E.E. Legal proceedings having been talcen, a 
conviction was secured and the offender was fined £ 6 . 
The Council have expressed to Mr, Orchiston their 
appreciation of his action in the matter. 

(4) Members Practising as Consultants. 

The attention of the Council was recently drawn to 
an advertisement of a Local Authority in which Char¬ 
tered Electric^ Engineers were invited to submit, in 
competition with each other, their terms for professional 
advisory work. 

In ^e opinion of the Council such a proceeding is 
undesirable and not in the best interests of Local 
Authorities requiring advice. The Council would con¬ 
sider it to .be a breach of professional etiquette for a 
member of tlie Institution to reply to such an adver¬ 
tisement. 

Where the names of a sufficient number of qualified 
consultants are not known to a Local Authority, the 
President of the Institution will always be willing to 
submit the names of qualified electrical engineers for 
the purpose. 

A statement to the above eflfect appeared in the issue 
of the Journal for January 1926 (p. 153 ). 

(6) Mascart Medal. 

In Apm 1924 the Council received an intimation 
from the Soci 6 t 6 Fran 9 aise des Electriciens to the efiect 
that the Society had'founded a Medal of Honour to be 
caUed^the Mascsu-t Medal, in memory of that eminent 
French scientist, the Medal to be awarded triennially 
to scientists or engineers distinguished for their work in 
applied electricity, whatever their nationaUty 
The^ Society al^ intimated that the first (192^’ 
award of the Medal had unanimously been to 


Monsieur A. Blondel, and requested that members of 
the Institution be informed of the founding of the Medal 
and of its award to Monsieur Blondel. 


(6) Examinations. 

. Associate Membership Examination was held 
m April and October, 1924. in London. Belfast, 
Bunungham, Cardiff, Glasgow, Manchester and New- 
castie-on-Tyne, and also in Spain, New Zealand, South 
^ca and the Argentine. The candidates examinBd 
mduded a number of oflScers of the Corps of Royal 
Engineers, who sat for the examination for the purpose 
of qualifying for " Engineer Pay." 

For the purpose of qualifying for "Signal Pay," 
officers of the Royal Corps of Signals were also examitiftH 
by the Institution in the " Theory of Electrical Military 
Signalling at the Signal Service Training Centre, 
Maresfield Park Camp, Sussex, in August 1924 and 
February 1926. 

A certain number of candidates submitted theses 
and papers during the year in lieu of the EvaTninat ion, 

(7) Honorary Members. 

The Council have pleasure in recording that, as 
announced at the Ordinary Meeting on the 6 th November, 
1924, they have elected Sir Oliver Lodge, D.Sc., F.R.S., 
to be an Honorary Member of the Institution. 

Sir Oliver Lodge became a Member of the Tna tifut io n 
m 1889 and was Chairman of the Birmingham Local 
Section in 1901-2, and Vice-President of the Institution 
m 1902-4. 

There are now ten Honorary Members. 


(8) Honours and Distinctions Conferred on 
Members. 

Knighthood. 

Longbottom, B. (Member!. 

C.M.O. ' 

im Thum, J. K, Capt. R.N. (Member). 


(9) Faraday Medal. 

The fourth award of the Faraday Medal has been 
m^e by the Council to Sir J. J. Thomson. M.A.. O.M.. 
F.K.S., Honorary Member. 


(10) War Memorial. 

The War Memorial Book containing the biographical 
notices of the 162 members of the Institution who fell 
in the war of 1914-1919 was published in April 1925, 
and copies have been presented on behalf of the sub¬ 
scribers to the War Memorial Fund to the nearest 
relative of each fallen member. It is a large post-folio 
volume (16Jin. x 10 in.) bound in special buckram, and 
contains 346 pages of letterpress set in twelve-point 
old-style type and 169 portraits. 

The biographical notices are preceded by a historical 
introduction entitled ’'The Origin and Causes of the 
Great War, 1914-1919,” written by the editor of the 
Book, Lieut.-Col. W, A. J, O’Meara, C.M.G., R..E. 
General Service maps of the battle fronts mentioned 
m the book are included in a pocket at the end of the 
volume. 

Additional copies of the book have been printed. 
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which will be on sale to members and the public at the 
price of £2 2s. each, and the proceeds will go to the 
War Memorial Fund. A specimen copy can be seen in 
the library. 

The Council again desire to take this opportunity of 
expressing their appreciation of the very thorough and 
able manner in which Colonel 0*Meara has edited the 
volume. 

(11) Deaths. 

The Council regret to have to record the death of 


the following 68 members of the Institution during the 
year 

Honorary Member, 

Heaviside, 0., F.R.S. 

Members, 

Awoki, D. 

Jensen, J. L. W. V. 

Bainton, J. R. 

Langdon-Davies, W. 

Bastian, C. 0. 

Madgen, W. L. 

Bhering, F. 

Markby, W. 

Birks, L. 

Martin, T. C. 

Bonnor, G. F. 

Oi, S. 

Bradfield, W. W.^ 

, C.B.E. Pletts, J. St. Vincent. 

Brown, C. E. L. 

Robertson, W. S. 

Cappel, Sir A. 

J. L., Sullivan, H. W. 

K.C.I.E. 

Tamaki, B. 

Carr, Col. G. A., ! 

R.E. Tasker, W. H. 

Cook,"^. 

Thompson, P. S. 

Hayward, R. F. 

Walmsley, Prof. R. M., 

Hunter, W. D. 

D.Sc., F.R.S.E. 

Wordingham, C. H., C.B.E. 

Associate Members, 

Balsillie, J. G. 

Forder, E. 

Bedford, A. L. 

Gill, R. F. H. 

Bowman, H. M. 

Gordon-Campbell, W. F. 

Brander, G. 

Hale, C. P. 

Bullock, H. J. 

Hedley, E. 

Canning, R. W. 

McMorrough, F. 

Chamen, A. D. 

Richardson, O. A. 

Conning, W. D. 

Robertson, J. 

Cooke, R. R. 

. Robinson, W. M. 

Dearling, G. S. 

Rorke, Major A., M.C., R.E. 

Dutta, S. K. 

Sergent, R. S. B. 

Farrar, R. R. 

Tqppin, W, A. 

Fleming, G. 

Utting, Major S. 

Woodfin, N. C. 

Graduates, 

Crook, E. R. 

Gerry, L. F. 

Todd, W. M. 

Students, 

Gibb, C. J. 

Mitton, A. R. D. 

Grute, L. H. 

Nisbet, C. 


Slattery, L. 

Associates, 

Cuff, J. C. Ogilvie, Sir A. M. j., 

Drummond, Sir H. H. J. W„ Colonel, K.B.E., C.B., 
Bart,, Brig.-Gen., C.M.G. V.D., R.E.(T.). 
Moulsdale, W. E. Powles, W. 


(12) Institution Building. 

A very large number of kindred societies have con¬ 
tinued to hold their meetings in the Institution building 
during the past twelve months and it has been a pleasure 
to the Council to have been able to grant the use of the 
premises for this purpose. 

(13) Papers, 

For the information of members and to remove 
any possible misapprehension, the Council tliink it 
desirable to include in this Report an outline of the 
procedure followed in connection with papers. 

The final decision in regard to the acceptance or 
rejection of a paper lies in the hands of the Papers 
Committee, which consists of the eight Chairmen of the 
Local Centres and seven other Members of Council. Each 
paper received is submitted to two or more referees, 
and care is taken in selecting these referees that they 
should be in a position to consider the subject matter 
of any particular paper from the point of view of the 
general body of members rather tlian from a highly 
specialized aspect. 

These referees do not see each other's reports, but 
their reports, together with the paper, are submitted 
to a member of the Papers Committee, who at the 
beginning of the session is selected to be the Committee 
Referee for all papers falling under the particular 
subject allotted to him. The Committee Referee next 
reports to the Papers Committee, which comes to a 
hnal decision after consideration of all the reports. 

As regards the obtaining of papers, tlie Papers 
Committee is in close collaboration with the Committees 
of the Local Centres and the Sectional Committees of 
the Institution. It may be useful to state here that 
there are five Sectional Committees and that they deal 
with the following subjects respectively : ’ Lighting and 
Power, Traction, Telegraphs and Telephones, Electricity 
in Heines, Electro-Chemistry and Electro-Metallurgy. 

The selection of papers for the Wireless Section is in 
the hands of the Wireless Section Committee. 

The Council take this opportunity of expressing their 
grateful thanks to the Chairmen of Local Centres for 
their regular attandance at tlie meetings of the Papers 
Committee, thereby ensuring efficient contact and 
co-operation between the Committee itself and the 
Committees of the Local Centres in the important 
question of papers. 

The Council will be pleased to consider any con¬ 
structive suggestions that may occur to members for 
the improvement of the papers read before the 
Institution, either as regards subject matter or method 
of presentation. 

(14) Meetings. 

During the past twelve months, 365 meetings have 
been held in London and the Local Centres by the 
members, the Council and the various Committees. 
A detailed statement is given in Appendix B. 

The Premiums awarded by the Council for papers 
will be announced about the time of the Annual General 
Meeting.* 

• See Institution Notes, f>age 
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(16) Local Centres and Sub-Centres. 

Reports from the Committees of the Centres and 
Sub-Centres indicate that the attendances at the 
meetings and the interest in the discussions have been 
well sustained. 

The President has attended functions or meetings 
at the Centres at Birmingham, Bristol, Dublin, Glasgow, 
Leeds, Liverpool, Manchester and Newcastle, and the 
Sub-Centres at Sheffield and Loughborough. On each 
occasion he has addressed the members and was 
gratified to note evidence of continued activity and 
development and of appreciation by the members 
attached to the various Centres of the opportunities 
afforded for discussion and intercourse. 

(16) Wireless Section. 

The interest and activities of the Wireless Section 
have been well maintained. Seven meetings have been 
held, at which nine papers were read. 

(17) Informal Meetings. 

Fourteen meetings have been held during the session 
and the average attendance was 69, an increase of 
nine over last year. 

The subjects discussed have stimulated a Uvely 
mterest and many have taken part in the discussions 

if ever, take part in the discussions 
at the Ordinary Meetings. 

(18) Students' Sections. 

There are at present 3 841 Students on the Register 
of the Insfetution, and the eight Students’ Sections 
atLondon, Birmingham, Glasgow, Leeds. Liverpool 
Manchteter. Newcastle and Sheffield, have carried out 
a very full programme of meetings, visits to works and 
social functions. 

Addresses to the London Students’ Section were 

In August last the Students’ Sections organized a 
^“ce at the invitation of the Soddtt.Pranfaise 
des El^taciens. Lyons was chosen as the venue and 
J^esy of Mr. J. Grosselin. Local Honoraxj^ 
Institation in Tirance, and Mr. DumSt 
of the Soci4t4 Franfaise des Electriciens. a very attrac- 
took arranged for the 26 Students who 

pla^ included visits to the following 

^ operated by the 

bociete G4n4rale de Force et de Lumide. 

Mouche central station. 

•A^ual International Fair, Lyons. 

^ fact^ of Messrs. Vital Matthieu and Sons. 

^orlm of the Berlier Motor Company. 

Beaujolais vineyard. 

120 OOO-volt system of the Compagnie Electrique de 
^ la Loire et du Centre, at St. Etienne, 
tnal mmes of the Loire. 

Lyoi^ radio station. 


The firms and public bodies whose works, etc., were 
viated have been thanked for their generous hospitality 
and the Council have to thank Messrs. J. H. Reyner 
^d G. R. A. Murray of the London Students’ Section 
for their valuable work in organizing the Visit. 

(19) Faraday Lectures. 

With a view to increasing the interest of the general 
matters, the Council instituted in 
1923 the Faraday Lectures of the Institution. These 
Lectures, which are delivered at selected Local Centres 
are open to the pubUc by means of admission cards 
obtainable through members of the Institution. The 
first five Lectures were delivered during the Session 
rader review by Professor G. W. O. Howe, D.Sc.. at 
Birmingham, Edinburgh, Leeds, Manchester and New- 
castlB’ his subject being "World-Wide Radio Tele- 
graphy." 

Making allowances for the fact that this was the 
first occasion on which the Lectures were deUvered 
the attendances on the part of the public were ven? 
ratisfactoty, and it is hoped that as the Lectures 
become better known stiU larger attendances wiU 
be recorded. 

(20) SdHOLARSHlPS. 

The following Scholarships have been awarded by 
the Council:— ^ 

ft 

A David Hughes Scholarship, 

(Value £60; tenable for one year.) 

^ (Municipal College of Technology. 

A Salomons Scholarship, 

(\ alue £60; tenable for one year.) 

E. Youel (Liveipool University), 

pyar Thanksgiving Education and Research Fund (No. 1). 

A grant of £100 for educational purposes has been 
made this year by the Council, under the provisions of 
the Trust Deed, to A. E. Morrill [City and Guilds (Engi- 
neermg) College, London]. ' ® 

(21) C^VERSAZIONE. 

The J^ual Conversazione was held at the Natural 
Kensington, London, on the 
fttender* ’ “ ^ members and guests 

(22) Annual Dinner. 

The Annu^ Dinner was held at the Hotel Cedi, 
^ndon, on the 12th February, 1926, the members and 
guests present numbering 622. 


(23) Visit or Overseas Electricax Engineers. 
There was no Summer Meeting in 1924. In place of 
It, since mmy engineers from overseas were present in 
England for the British Empire Exhibition, the World 
Power Conference and the, Kelvin Centenary Celebra- 
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tions, the occasion was thought suitable to entertain 
delegates and ladies from kindred societies overseas. 
The Council accordingly invited the following bodies 
to send delegates to be the guests of the Institution :— 

American Institute of Electrical Engineers. 

Asociacion de Ingenieros de Caminos, Canales y 
Puertos, Madrid. 

Asociacion Nacional de Ingenieros Industriales, 
Madrid. 

Association Suisse des Electriciens. 

Associazione Elettrotecnica Italiana. 

Dansk Ingeniorforening^ Denmark. 

Engineering Institute of Canada. 

Institution of Engineers (India). 

Institution of Engineers, Australia. 

Koninklijk Instituut van Ingenieurs, Holland. 

Norske Ingeniorforening, Norway. 

Soci6t6 Beige des Electriciens. 

Soci6t6 Fran 9 aise des Electriciens. 

South African Institute of Electrical Engineers. 

Svenska Teknologforeningen, Sweden. 

Verseniging van Directeuren van Electricteitsbe- 
drijven in Nederland. 

The visit took place from the 10th to the 16th July, 
1924, and about 170 delegates and ladies participated, 
the Ciouncil of the Institution and past Members 
of Council acting as hosts. Many of the party having 
arrived in England some days earlier, a large number 
were able to accept a gracious invitation from Their 
Majesties, to be present at a Garden Party held by 
the King and Queen at Buckingham Palace on the 
6th July. 

On the 10th July the visitors were formally received 
by the then President (Dr. A. Russell) in the Institu¬ 
tion Building and entertained at a luncheon at the 
Hotel Cecil. A large number of members and ladies 
were also present at both the reception and the 
luncheon. In the afternoon the visitors heard the 
Kelvin Oration delivered at the Institution of Civil 
Engineers by Sir J. J. Thomson, O.M., 3;?.R.S. 

The British Empire Exhibition was ^ visited the 
following day, and in the evening the delegates attended 
the Kelvin Centenary Banquet at the Connaught 
Rooms. 

With the exception of Sunday, the 13th July, when 
parties attended the morning services at Westminster 
Abbey and St. PauVs Cathedral and visited the 
Zoolpgical Gardens in the afternoon, the remainder 
of the visit was spent in excursions to Cambridge 
(12th July), Birmingham and Stratford-on-Avon 
(14th July), and Chiswick and Windsor (16th July). 
During these days the party inspected the Cavendish 
Laboratory, the Colleges and other places of interest 
in Cambridge, the Nechells power station of the Bir¬ 
mingham Corporation and the University Engineering 
Laboratories at Birnaingham, places of interest at 
Stratford-on-Avon, the Chiswick overhaul works of the 
London General Omnibus Company, Ltd., and the 
State Apartments at Windsor Castle. The visit con¬ 
cluded with a Joint Conversazione at the Institution 
of Civil Engineers by invitation of ..the Councils of 


the Institutions of Civil, Mechanical and Electrical 
Engineers. 

The Council have expressed the cordial thanks of the 
Institution to those whose hospitality was extended 
to the visitors during the period of the visit, including 
the Master and Fellows of Trinity College, Cambridge, 
the Vice Chancellor of Cambridge University, the Lord 
Mayor of Birmingham, the London Midland and Scottish 
and the London and North Eastern Railway Companies, 
and Lord Ashfield. 

(24) Cavendish Laboratory. 

As was announced at the Ordinary Meeting on the 
23rd October, 1924, the Council have made a donation 
of 100 guineas to the Cavendish Laboratory, Cambridge, 
as a token of their appreciation of the immense value 
of the electrical researches carried out at the Laboratory 
by Sir Joseph Thomson, Sir Ernest Rutherford and 
other Cambridge physicists. 

(26) Paris International Conference on Large 
E.H.T. Electric Supply Systems. 

During the Session the Council appointed a special 
Committee to ensure representation of British views 
and interests at the above Conference, which has been 
arranged to take place in Paris in June 1925. The 
following is a list of the papers to be presented at the 
Conference by British authors:— 

Authoy, . Title of Paper. 

H. W. Clothier .. Metal-clad Switchgear and Isola¬ 
tion of Faults. 

F. H. Clough .. Transmission of Electric Power 

over Long Distances. 

A. R. Everest .. Insulating Oils. A Review of 
Research Work in Great Britain. 
R. W. Gregory .. Substation Design, with particular 
reference to Metal-clad Switch- 
gear. 

J. I.,. Langton ,. Developments in Porcelain Line 
Insulators. 

R. Borlase Rural E.H.T. Distribution. 

Matthews 

A. Page .. .. The Re-organization of Electricity 

Supply in Great Britain as 
governed by the Electricity 
Commission. 

G. V. Twiss .. Consideration of Assumed Load¬ 

ings in their relation to Safety 
of Overhead Lines. 

The following British delegates have already been 
appointed by the Council, and others may be appointed 
later i — 

Mr. W. B. Woodhouse (Chief Ddegate). 

Mr. A. R. Everest. 

Mr. P. V. Hunter, C.B.E. 

Mr. A. Page. 

Mr. E. B. Wedmore. 

(26) Wireless Telegraphy and Signalling Bill. 

Being of opinion that some of the provisions^of the 
above Bill, unless modified, will provehindrance not 
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only to the progress of wireless telegraphy and radio 
science, but also to electrical and physical research and 
to the progress of electrical science generally, the 
Council have made representations to the Postmaster- 
General in regard to some of the clauses. The matter 
is still under consideration, and the Bill has not pro¬ 
ceeded beyond the stage of first reading. 


ceri^cate placing on record his tenure of the office to 
be issued to each President. The formal presentation 
of the plate and of the first certificate struck from it 
was made by the President of the Institution of Gas 
Engineers at the Ordinary Meeting held on the 22nd 
January, 1926. 


(27) University of Brussfxs. 

In response to an invitation from the Council and 
Faculty of the University of Brussels, Mr. LI. B. 
Atkinson, Past-President, represented the Institution 
at the Ceremonies held to commemorate the 60th anni¬ 
versary of the founding of the Ecole Polytechnique 
(School of Technology) on the 20tli, 21st and 22nd 
November, 1924. 

(28) Norwegian Engineering Society. ’ 

Mr. M. L. Kristiansen represented the Institution at 
the celebration at Kristiania on the 7th, 8th and 9th 
December, 1924, of the 60th anniversary of the founda¬ 
tion of the Norwegian Engineering Society. 


(29) Rensselaer Polytechnic Institute. 

The Institution was represented by Mr. J. W. Lieb 
at the celebration of the 100th anniversary of the 
foundation of the Institute at Troy, New York, on the 
3rd and 4th October, 1924. 

(30) University of Leeds. 

The Coming-of-Age of the University of Leeds and 
the Jubilee of its parent foundation, the Yorkshire 
College, were celebrated at Leeds from the 16th to the 
20th December, 1924. The Institution was represented 
at the functions by Mr. W. B. Woodhouse (President of 
the Institution) and Mr. T. B. Johnson (Chairman of 
the North Midland Centre). 

(31) Library. 

During the year 296 books and pamphlets have been 
presented to the Reference Library by members and 
others, and 226 volumes have been purchased. A slight 
decrease in attendance is recorded, the total number 
for the year being 2 419, of whom 108 were non-members 
as against the total of 2 626 in 1923-1924. 

The Council have pleasure in recording the continued 
circulation of books from the Lending Librarj^, to which 
89 new volumes have been added during the year. 
During the year, 2 184 were issued to 872 borrowers 
the corresponding numbers for the previous year beinff 
2 232 and 897 respectively. 

A new edition of the Lending Library Catalogue with 
a subject guide to authors is in preparation and will 
be issued in the course of the next few months. 

(32) The Institution of Gas Engineers. 

a token of appreciation of the facilities placed at 
meir disposal for the holding of their Annual Geneitd 
Meetmg in June 1924, in the Institution Building the 
Counci^ of the Institution of Gas Engineers have pre¬ 
sented' to the Institution a photogravure plate for a 


(33) Gifts to the Institution. 

The Council have pleasure in recording the following 
gifts to the Institution and in expressing their cordial 
thanks to the donors :— 


Donor, 

Colonel R, K. Morcom 


Mr. H. Moss .. 


Executors of the late 
Mrs. Hugh Carter 
Physical Society of 
London 


Mr. LI. B. Atkinson .. 


Dr. J. A. Fleming 
Mr. G. W. Partridge .. 


Gift, 

Bronze statuette of the late 
Sir Joseph Swan. 

An original Graham Bell tele¬ 
phone licence. 

Oil painting of the late Sir 
Francis Ronalds, F.R.S. 

Copy of photograph taken on 
tlie occasion of the Society*s 
Jubilee Celebrations on the 
21st March, 1924. 

Set of prints illustrating the 
work of laying tlie first 
Atlantic cable. 

Portraits of himself, Clerk 
Maxwell and Edison. * 

An early 10 000-volt trans¬ 
former. 


(34) Electrical Appointments Board. 


The number of applicants for posts registered on the 
Slst March, 1926, was 78, against a total of 114 last year. 

A classified Register of members seeking positions, 
rantaining particulars of their training and experience! 
IS available for inspection at the Institution ofiices! 

the Secretaiy of the Board will gladly put employers 
in touch with highly qualified electrical engineers. 

The ^uncil earnestly hope that members who are in 
a position to assist will not fail to make use of the 
Register. 


(36) The Journal ok the Institution. 

The Voliune of the Journal for 1924 comprised 

I 006 pages, as compared with 1 204 in the previous 
Volume. 

The net cost of printing and posting the Journal in 
1924, after allowing for sales and the revenue received 
from advertisements, was £3 078, as compared with 
£4169 in 1923. The net cost per page works out at 
^•06, as against £3-46 for 1923, in spite of the fact 
that the number of copies printed increased from 

II 400 in 1923 to 12 000 in 1924. The reduction in the 
c^ of the Journal is mainly due to the increase in 
me advertisement revenue, only nine months’ revenue 
from this source having been included in the 1923 
Accoimts. 

(36) " Science ^stracts.” 

The Phireics volume oi Science Abstracts for 1924 
contained 160 pages more than for. 1923, and the 
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Electrical Engineering volume was of the same size 
as in the previous year. The Accounts show that the 
net cost of the publication to the Institution in 1924 
was only £68, which the Council consider satisfactory. 

(37) Wiring Regulations. 

The revised edition (8th Edition) of the Wiring 
Rules, now published under the title of Regulations 
for the Electrical Equipment of Buildings,*' was issued 
during the summer of 1924. The Committee have 
received from members a number of suggestions for the 
amendment of certain of the Regulations and there 
have also been discussions at Informal Meetings in 
London and at some of the Local Centres. The 
principal criticisms received are due to misunderstand¬ 
ings in regard to the intention of some of the 
Regulations, but a few questions of principle are also 
involved. 

The Committee are considering the desirability of 
recommending the Council to amend the wording of 
a number of the Regulations with a view to removing 
the misunderstandings as far as possible and taking 
into account the points of principle which have been 
raised. 

(38) Electricity Regulations. 

The Electricity (Supply) Regulations Committee are 
engaged in preparing suggestions for a revision of the 
Electncity Commissioners* Regulations (A) for securing 
the safety of the Public, and (B) for ensuring a proper 
and sufficient supply of Electrical Energj’^. It is hoped 
that a Report tliereon will be ready for submission by 
the Council to the Commissioners at an early date. 

(39) Committee on Electricity in Agriculture. 

The Report of the above Committee is nearly ready 
and will be presented to the Council at an early date. 

(40) National Certificates and Diplomas in 
Electrical Engineering. 

For the final examinations of the year 1924 the 
joint Standing Committee representing the Board of 
Education and the Institution approved 63 courses at 1 
schools and colleges for the award of Ordinary Certifi¬ 
cates in Electrical Engineering, 16 for the award of 
Higher Certificates, 4 for the award of Ordinary 
Diplomas and 2 for the award of Higher Diplomas. 

The final examinations were held during tlie summer 
of 1924 and the numbers of certificates and Diplomas 
awarded were as follows :— 

282 Ordinary Certificates (including 103 distinctions). 

43 Higher Certificates (including 14 distinctions). 

9 Ordinary Diplomas (including 22 distinctions in 
individual subjects). 

6 Higher Diplomas (including 3 distinctions). 

(41) Benevolent Fund. 

The Committee of Management of the Benevolent 
Fund of the Institution report that on the 31st Decem¬ 
ber, 1924, the Capital Account of the Fund stood at 
£9 969 11s. 3d., and the accumulated income at 
£1889 7s. fid. The donations and subscriptions to 
the Fund in 1924 amounted to £l 162 7s. lOd. 


In the course of 1924, 78 grants were made to 26 
persons, amounting to a total of £1 322 16s. 6d. 

(42) Annual Accounts. 

Excess of Income over Expenditure .—^After making 
provision for contingencies, as in the previous year, 
there is a margin to the good on the Revenue Account 
for 1924 of £2 926 Os. 8d. This amount, which has been 
carried to the credit of the General Fund, compares 
with £3 967 11s. 7d. in 1923. The decrease of 
£1 032 10s. lid. was <^efly due to the reduction in 
subscriptions, which came into operation on the 
1st January, 1924. 

Mortgase .— 

£ s. d. 

In the Accounts for 1923 this stood at 14 801 19 4 

Amount of repayments during the year 1 080 17 4 


The amount now stands at 

•• 

.. £13 721 2 

0 

Assets. —^Taking the Tothill-street property and the 

investments at cost, and the Institution Building and 

lease, the library and furniture. 

etc., at the values 

standing in the books after writing off depreciation 

— 



£ s. 

d. 

the Assets amount to .. 

.« 

139 485 16 

5 

against Liabilities 


6 469 14 

6 

leaving a surplus of 


133 016 0 

11 

which, in comparison with that of the 


year 1923, viz. 

•• 

125 399 3 

0 

shows an improvement of 

•• 

£7 616 17 

11 

The balance of £133 016 Os. 

lid. is made up 

as 

follows:— 




Assets. 




Properties — 




Institution Building 




and Tothill-street 

£ 

8 . d. £ s. 

d. 

Property 

92 289 

3 11 


Less Mortgage 

13 721 

2 0 




78 668 1 

11 

Investments, Cash, etc. 


• 52 715 13 

4 

Stock of Paper, Libraries 




and Furniture 


8 202 0 

2 



£139 485 16 

5 

Less Liabilities. 



sssss 

Trust Fund Income 




Accounts 

325 

17 6 


Sundry Creditors 

4 602 

12 10 


Repairs Suspense Ac- 




count 

1208 

12 1 


Subscriptions received 




in advance .. 

432 

12 1 




, 6 469 14 

6 



, £133 01« 0 

11 
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(43) The Insth-ution and Bodies on which rr is 
Represented. 

Appendix C shows in diagram form the organization 
of the Institution and the bodies on which it is 
represented. 


APPENDIX A. 

Membership of the Institution. 

The changes in the membership since 1st April, 1924, 
are shown in the following table :— 

Hon. Assoc. 

Totals at 

1 April, 1924 10 1 862 4 733 1 198 3 244 368 11 416 

Additions during 
the year 


Elected 

•. 

11 

65 

127 

675 

1 

879 

Reinstated 

Transferred 

• • 

6 

8 

3 

19 

2 

38 

to 

1 

53 

82 

130 

. • 


266 




—— 

— 




Total 

1 

70 

155 

260 

694 

3 

1 183 

Deductions during 







the year 

— 







Deceased 

1 

27 

27 

3 

5 

5 

68 

Resigned 

• • 

12 

27 

25 

71 

12 

147 

Lapsed 

Transferred 

• • 

11 

84 

60 

209 

10 

374 

from 

• • 

1 

52 

38 

172 

3 

266 

Total 

— 

— 

—— 

.... 


1 


1 

51 

190 

126 

457 

30 

855 


Net Increase 

•• •• •• •• 

Totals at 

I April, 1926 10 1 881 4 698 1332 3 481 341 



APPENDIX B. 


Meetings. 


the past twelve months :— 


Ordinary Meetings .. 14 

Wireless Sectional Meet¬ 
ings .. 

Informal Meetings .. 14 
Council Meetings. ,, 16 
Local Centres:— 

Irish .. .. .. 6 

Mersey and North 
Wales (Liverpool).. 8 

North-Eastern .. 13 

North Midland .. 10 

North-Western ,. 12 

Scottish * .. 10 

South Midland .. 8 

Western .. ., 9 

Local Sub-Centres:— 
Dundee .. 7 

East Midland .. 10 

SheflSeld .. .. 7 

Tees-side .. ., 6 

Students' Sections 
London ,, .. 9 

Birmingham .. .. 8 

Leeds .. .. ., 12 

Liverpool .. g 

Manchester ., ,. 11 

Newcastle .. .. I 3 

Scottish .. 7 

Sheffield ... 6 

Committees:— 

Benevolent Fund •. 8 

Electricity in Agri¬ 
culture .. ,. 2 


Committees (coni .):— 
Electricity (Supply) 
Regulations .. 15 

Electro-Chemistry and 
Electro - Metallurgy l 

Examinations (and 
Sub-Committee) . * 8 

Finance (and Sub- 
Committee) ., 10 

General Purposes (and 
Sub-Committee) •. 14 
Informal Meetings .. 8 

Lighting and Power.. 1 

Local Centres .. 2 

Membership .. ,, 7 

Model General Con¬ 
ditions (and Sub¬ 
committee) .. 2 

Papers .. .. 10 

" Science Abstracts *' 7 

Ship Electrical Equip- 
ment (and Sub- 
Committee) .. 2 

Telegraphs and Tele¬ 
phones .. 2 

Traction .. .. 1 

Wireless Section ,. 6 

Wiring Rules (and 
Sub-Committees) .. 13 

Other Committees .. 17 

Total .. 365 
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I 

Committees. 

(Standing,) 

Benevolent Fund 
Electrical Appointments Board 
Examinations 
Finance 

General Purposes 
Informal Meetings 
Library 
Local Centres 
Membership 
Papers 

Paul Scholarship 
“ Science Abstracts " 

Ship Electrical Equipment 
Wireless Section 
Wiring Rules 

{ Electricity in Mines 

Electro-Chemistry and Electro- 
Metallurgy 

Lighting and Power 
Telegraphs and Telephones 
Traction 


(Continued from foot of coL 3.) 

Scientific and Industrial Research Advisory Council, 
Engineering Committee 

Standing Joint Education Committee for National 
Certificates in Electrical Engineering 
Transport, Ministry of* Advisory Panel 
Union of Lancashire and Cheshire Institutes, Panel 
for Engineering 

Women's Electrical Association 
Women's Engineering Society 


Bodies on which the Institution is 
Represented. 

Alloys of Iron Research (Royal Society) 

Birmingham Chamber of Commerce 
Bradford Public Libraries Committee 
Bristol University 

British Cast Iron Research Association 
British Electrical and Allied Industries Research 
Association 

British Electrical Development Association 
British Engineering Standards Association 
British National Committee of the International 
Electrotechnical Commission 
British National Illumination Committee of the Inter¬ 
national Illumination Commission 
Corrosion Research Committee of Institute of Metals 
Engineering Joint Council 
Fifth International Road Congress, 1926 
Imperial College of Science and Technology, Govern¬ 
ing Body 

Imperial Mineral Resources Bureau Conference 
Institution of Civil Engineers, Engine and Boiler Test¬ 
ing Committee 

Institution of Heating and Ventilating Engineers, 
Utilization of Exhaust Steam and Waste Heat 
Committee 
Leeds Civic Society 

Leeds Municipal Technical Library Committee 
Loughborough Technical College Advisory Committee 
Metalliferous Mining (Cornwall) School, Governing Body 
Middlesbrough Technical College, Governing Body 
Mines Department, Electrical Storage Battery Loco¬ 
motive Committee 

National Committee for Physics (Royal Society) 
National Committee on !^dio Telegraphy (Royal 
Society) 

National Physical Laboratory, General Board 
National Register of Electrical Installation Con¬ 
tractors 

Newcastle-upon-Tyne Chamber of Commerce 
Paris Conference on E.H.T. Lines, 1926 
Professional Classes Aid Council 
Radiographers, Society of 

RSntgen Society Advisory Committee for British 
X-Ray Industry 
Royal Engineer Board 
Royal Sanitary Institute Congress, 1926 

(Continued at foot of coh 1.) 


APPENDIX C. 

THE INSTITUTION OF ELECTRICAL ENGINEERS. 



Committees. 


(Special.) 

Electricity in Agriculture 
Electricity (Supply) Regulations 
Examinations Sub-Committee 
Model General Conditions 
Proving House 
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^r. 


SALOMONS SCHOLARSHIP TRUST FUND. 


To Amount (as per last Account) .2,^6 1*9 ^ 

,, Bonus received on conversion of ;^i,5oo New 

South Wales (1924) 3J % Stock . 28 15 7 


<Sr. 


By Investments (at cost) 

;fi,528 ss. Id. New South Wales 5 % Stock 

(1935-SS).. I 4 

£500 Cape of Good Hope 3j% Stock (J929-49) 570 13 6 



To Amount paid to Scholars in 1924 

Balance carried to Balance Sheet • 


£120 17 4 


By Balance (as per last Account) 
II Dividends received in 1924 



£120 17 4 


Jr. 


DAVID HUGHES SCHOLARSHIP TRUST FUND. 


To Amount (as per last Account) 


£ 8. d. 

• •• 2|000 O 0 


£2,000 o 0 




£ 8. d. 

By Investment (at cost)' 

£2,045 Staines Reservoirs 3% Guaranteed De¬ 
benture Stock (1922 or after).^ 

„ Balance carried to Balance Sheet • . 150 

;^2,000 o o 


Jr. 


DAVID HUGHES SCHOLARSHIP TRUST FUND (Income). 


To Amount paid to Scholars in 1924 
I. Balance carried to Balance Sheet ■ 


£ s. d. 
87 10 0 
31 19 4 


(Kr. 


By Balance (as per last Account) 
„ Dividends received in 1924 
„ Interest do. do. 


£ s. d. 

4/ 



;^500 o o 


By Investment (at cost) 

£625 4% Funding Loan (1960-90) 


500 o 0 
£500 o o 


Jc. 


PAUL SCHOLARSHIP FUND (Income). 


To Balance carried to Balance Sheet * 

£ s. d. 

... 50 0 0 

®r. 

£ s. d. 

By Balance (as per last Account) . 25 o o 

II Dividends received in 1924 . 25 0 0 


0 

0 

0 

;^50 0 O' 


Indoded In the toba of ^jas ivs. 6d. sbovm o#tte UablUHes aide of the Balance Sheet 
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WILDE BENEVOLENT TRUST FUND. 


To Amount (as per last Account) . 

,, Amount transferred from Income in'1924 


£ 8. d. 
... 2,798 lo 2 
... 150 i6 5 


By Investments (at cost):— 

;^i,3o 8 London and North Eastern Railway 4% 

First Guaranteed Slock.V. . 

£100 London County 3j% Consolidated Stock 




£ s. d. 

1,744 3 II 


(1929 or after) ...^ . 

lot 

8 

6 

^250 New South Wales 4% Stock (1942-62) 

... 251 

6 

0 

£100 3}% War Stock (1925-28). 

94 

8 

8 

£100 5% War Stock (1929-47) . 

95 

0 

0 

;^38i 13s. Id. 4% Fundin;^ Loan (1960-90) 

... 300 

0 

0 

;^200 5% National War Bonds (1928) ... 

2 £I 

II 

0 

£200 Convei sion Slock 3j% (1961 or aftei) 

... ist 

8 

6 


:^*.949 

‘6 

7 


WILDE BENEVOLENT TRUST FUND (Income). 


To Grant made in 1924 
„ Amount transferred to Capital in 1924 
,, Balance carried to Balance Sheet * 


£ 8. d- 

30 0 0 
150 16 5 
109 5 10 

^290 2 3 


By Balance (as per last Account) 
„ Dividends received in 1924 
,, Interest do. do. 


£ 8. d. 
182 9 7 
105 7 6 
252 

^290 2 3 


WAR THANKSGIVING EDUCATION AND'RESEARCH FUND (No. i). 


To Amount (as per last Account) 


£ *• d- 

1,700 o o By Investment (at cost):— 

£2,000 5% War Stock (1929-47)... 

£i,'joo o o 


Ct. 

£ s. d. 

. 1,700 o 0 
£,1,100 o o 


WAR THANKSGIVING EDUCATION AND RESEARCH FUND (No. i) (Income). 

*r. _*!: 


To Grants made in 1924 
„ Balance carried to Balance Sheet ♦ 


£ s. d. 
100 o o 
loo 0 0 

;g200 o O 


By Balance (as per last Account) 
„ Dividends received in 1924 


£ S. da 

100 0 o 

TOO 0 O 

£200 O O 
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THE BENEVOLENT FUND. 


27th annual general MEETING, 7 MAY, 1926. 


(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair 
at 5.30 p.m. 

The notice convening the meeting was taken as read. 

The minutes of the 26th Annual General Meeting 
held on the 8th May, 1924, were also taken as read 
and were confirmed and signed. 

The Report of the Committee of Management (see 
below) and the Statement of Accounts for the year 
1924 (see page 586) were presented and, on the motion 
of The Chairman, seconded by Mr. P. Rosling, 
were unanimously adopted. 

On the motion of Mr. LI. B. Atkinson, Mr. J. 
Attfield, F.C.A., was unanimously re-elected Hon. 
Auditor. 

t Mr. G. P. Sparks offered to malce a donation to be 
invested to bring the invested capital which now stands at 
£9 969 11s. 3cl. to £10 000. The. offer was gratefully 
accepted by the Chairman. 


Mr. F. B. O. Hawes advocated greater publicity of 
the Fund, with a view to increasing the Capital Account 
to meet the demands for pensions w’hich the Fund 
will later be called upon to provide. 

Mr. W. T. Maccall,'Chairman of the North-Eastern 
Centre, suggested that the other Local Centres might 
mention the Benevolent Fund in their Annual Reports 
in the same way as the North-Eastern Centre. 

The Chairman reported that the following Com¬ 
mittee of Management had been appointed for 1925-26:— 
The President (ex officio); Sir James" Devonshire, 
K.B.E., Captain J. M. Donaldson, M.C., Sir B. Long- 
bottom, Mr. S. W, Melsom, Mr. A. Page and Mr. P. 
Rosling, representing the Council; Lieut.-Col. K. Edg- 
cumbe, Mr. W. R. Rawlings and Captain R. J. Wallis- 
Jones, representing the Contributors; and the Chairman 
of each Local Centre in Great Britain and Ireland. 

The meeting then terminated. 


REPORT OF THE COMMITTEE OF MANAGEMENT FOR THE YEAR 1924. 


Capital. 

The Capital Account stood on the 31st December, 
1924, at £9 969 11s. 3d., whicli is invested. 

Receipts. 

The Income for 1924 from dividends, interest, and 
annual subscriptions was as follows :— 

£ s. d. 

Dividends on investments. 485 0 3 

Interest ... . • 3 12 7 

327 annual subscriptions. 293 1 6 

£781 14 4 


In addition to the foregoing, the Fund benefited 
during the year by the following amounts, many of 


which are non-recurring donations 

£ s. d. 

Electrical Engineers' Ball Committee .. 75 0 0 

Electrical Standardizing, Testing and Train¬ 
ing Institution .. .. • • .. 50 0 0 

''Gilbert Club" ... .. .. .. 40 6 11 

Western Electric Co., Ltd... 40 0 0 

Wembley Exhibition Carnival .. . • 38 12 4 

North Midland Centre (collected) .. .. 26 17 0 

C. P. Sparks, C.B.E. . . * .... 26 6 0 

W. T. Henley's Telegraph Works, Ltd. ; .. 25 0 0 

Western Centre (collected) .. .. .. 21 14 11 

General l^lectric Co., Ltd. .. .. .. 21 0 6 

H. Marryat .. .... .. .. 21 0 0 


Midland ElectricalEhgineers'Ball Committee 21 0 0 
“ Twenty-Five" Club .15 16 0 


Chloride Electrical Storage Co., Ltd. .. 10 10 0 

H. Hirst . 10 10 0 


IncorporatedMunicipal Electrical Association 10 10 0 


£ s. d. 

F.R. Marsh.10 10 0 

J.D. Dallas.10 0 0 

and 694 non-recurring donations of under £10 361 1 2 

£809 6 4 


The Fund also benefited to' the extent of £60 under 
the will of the late Mr. A. L. Dearlove (Member). 

The accumulated balance of the Income and Expendi¬ 
ture Account amounted on the 31st December, 1924, 
to £1 889 7s. 6d., of which £1 604 13s. 3d. was invested, 
and £226 on deposit with the Institution bankers. 

' Donors and Subscribers. 

Lists of the names of donors and subscribers during 
1924 have been published in the Journal, 

The Committee of Management desire to acknowledge 
their indebtedness to the donors and subscribers, and 
to intimate that, apart from donations, the Com¬ 
mittee will be grateful for annual subscriptions of any 
amount. 

Grants. 

Applications for assistance were made by or on 
behalf of 26 persons during 1924, and the Committee, 
after due consideration, made grants in all of the cases, 

The total amount of the grants was £1 322 16s. 6d. 

Wilde Fund. 

The Capital Account stood on the 31st December, 
1924, at £2 949 6s. 7d„ all of which is invested and 
brings in an annual income of £106 11s. lOd. 

The balance standing to the credit of the Income 
Account, from which, under the Trust Deed, full Mem¬ 
bers only can benefit, on the same date was £109 gs. lOd. 

A grant of £30 was made from this. Fund during the year^ 
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WAVE-FORM ANALYSIS ON RECTIFIED CIRCUITS.* 


By L. B. W. Jolley, M.A., Member. 


(Paper received January, 1925.) 


Summary. 

This paper analyses the form of various waves to be 
expected in rectified circuits, and by the general method of 
treatment the analysis could be applied to a pronounced 
commutator ripple. A specialized ‘form of wave-form, due 
to a rectifier where a sharp cut-off of the current is to be 
expected, is also considered. 


The use of rectified alternating current is becoming 
daily more common, and a knowledge of the wave¬ 
form of the resulting direct current is essential for the 
user and designer alike. Accordingly an attempt has 
been made to analyse the various forms most likely to 
be encountered in practice ; and although these curves 
are ideal and will be more or less distorted in actuality, 
yet they represent facts to a reasonable degree of 
accuracy, or at least give an indication as to what 
harmonics are likely to be present. 

■ Single-Phase Wave-ForSi. ' * 

The first case considered is that of a single-phase 
wave-form as shown in Fig. 1 (6), resulting from the 


UJlAOJljliUiULaJ 




__ 1 + c osnTT 
^ w(l — n^) 

^ sin mr 

" ~ 7r(l - n2) 

Thus is zero for all integral values of n except 
unity, where it equals 
The wave-form is therefore 


whence 

and 


y 


"" 4" i sin S — 

TT ^ 


2 cos 20 
" 77 ( 1 . 3 ) 


2 cos 40 
77(3.6) 


> —f- I sin 0 — 

77 


2 cos^ |n 77 cos n0 

77 ^-/ — 1 


. 00 (1) 

. . ( 2 ) 


Biphase Wave-Form. ^ 

From Equation (2) the biphase wave-form, which is 
obtained from the circuit illustrated in Fig. 2(a), 
can be calculated and will be of the form shown in 
Fig. 2(6). 



circuit in^cated in Fig. 1(a), where the shape of the 
curve is given by the equation y = sin 0. 

If the function is represented by a Fourier^s series 


y *= cos 0 + ag cos 20 + 

+ 62 cos 0 + 62 cos 20 4 - 

then 


and 


= i fsin0cosn0d0 
' ‘W'Jq 

6^ = - fsin0sinn0d0 


00 

00 


* The Pai 



In this c^e let us write 0 = 77 -[- 0 in Equation (2), 
whence 


y ^ 1 - 1 ci'. 0 _ j y -cos* COS nS 

trr * ' “mm X t' '■ 1 


^ — 1 
and by adding Equations (2) and (3) 


(3) 


is obtained for the equation of a biphase wave. Thus 
it will be apparent that in t^ wave-formation the 
fundamental is absent and only even harmonics are 
present. 

,, Polyphase Wave-Form. 

It is interesting to investigate the general case of a 
multiphase system, and in Fig. 3 circuit connections 










JOLLEY: WAVE-FORM ANALYSIS ON RECTIFIED CIRCUITS. 


589 


are given for a hexaphase supply, the method being of 
general application. The wave-form of such a supply 
is shown in Fig. 4 , and if there are m phases there will 
be m complete loops in one cycle or 27r electrical diegrees, 
the crest of the loop strictly following the sinusoidal 
curvature. The equation to the generating curve is in 
this case y = cos 0. 


3-phase 
supply 




It is shown in treatises dealing with Fourier^s series 
that the amplitudes of the nth harmonics between 
limits Dther than ± n* can be obtained as follows 
Assume the series to be 

f($) z= + a. cos (7r0/c) + (27r0/c) + - 

■+ b^coB (-7T0/C) + 6acos,(27r0/c) + . 


00 

00 


Then 


and 


or 


and 




c 

r+C 


- \\m sin (^)de 


\ c / 

,ln (Vfl) 



Fig. 4. 


In this case c = 'nfm and rmdic, = nm 0 , .whence 
7r% 


and 


p-f-ir/m , 

=5= cos 0 cos (nm0)d0 
2 in sin (Tr/m) cos rm 


Further —^ = cos 0 sin (nmd)d 0 = 0 


and all the sine terms axe absent (this statement 
requires modification where m = 1, the single-phase 
wave-form considered above). 




Fig. 6. 


The general equation of the wave-form is therefore 


m . 7 T 2m sin (Trim) cos mO 

— sin- rz - T, - 

TT m 'rr(l — m^) 


2 m sin (Tr/m) cos 2m0 


— . . .00 


( 6 ) 


7r(l — 2hn^) 

00 

m . mf, . cosnwcosn«t01 


If it is desired to reproduce the wave-form to a 
different set of co-ordinates, as shown in Fig. 6, it is 
necessary to substitute (0 — Trjm) for 0 in Equation ( 7 ), 
which then becomes 


m wr, 2cosm0 2 cos 2m0 "I 

~ ~ W-l' “ • • •“ J 

00 

m . Trf, . cos nmd~\ 


( 8 ) 


( 9 ) 


in which, form it is more convenient. In future, and in 
the table below, this equation will be used. 



ir(l — 


(S) 


It is interesting to apply a check to this result, and 
to this end an infinite series is employed of the form 

._cosec- = I + 2^p-^ 

If the midpoint of the oscfflations is considered, 
i.e. the point represent^ hy 6 = trim, the amplitudes 
of the harmonics all h&yi a maximum "vitlue, and hence 
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Equation (9) equals unity, which is the peak value of 
the wave. 

If m is given the values 2 ;. 3 , 4 , etc., to represent 
the number of phases or loop/S per cycle, the following 
wave-forms are obtained :— 

m = 2 {Biphase) Fig. 6 . 

2 4 cos 2d 4 cos 4t6 


7 T ir( 1 . 3 ) 77(3.6) 


00 - 



m = 3 (Tfiphase) Fig. 7 . 
^a/ 3 3\/3 cos Z6 

27r 77(2.4) 


3^/3 cos ( 
77^.7) 


— ... 00 



1 

1 

1 

1 

O 71 

27r 

Fig. 8. 

(QuarUr Phase} Fig. 8 . 

^2 • 4^/2cos46 
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v(S.5) 
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m ss= 6 (ffe^aphase) Fig. 9 . 
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To sum the saries 
are employed, viz. 
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Fig. 10. 


■> ■ l.i’ ■' 


Whence, puttmg'0 = l/ih, 

y_1 cosec +. f pot !L 

Zj( 1 —rt®m®)® \2m mJ 4ot m .«* 


and therefore ' 


•' ’ .•' * i'j <' 

1 , w . 2tr.. 
a ^ 1 ^ sm — 

2 ' 47r m 


. This result could also have been obtained directly by 
evaluating 

^ r^r+TT^ 

^ sin^ ddd 

The actual wave-forms to scale are indicated in 
Fig. 10, and show how the form factor is improved by 
increasing the number of phases. 

From the* above analysis, the table shown on page 
690 can be prepared. 

Special Wave-Forms. . 

In some forms of rectifier, such, for instance, hs the 
vibrating ree4 .or the neon tube, the voltage rises to a 
certain value before the current flows, and the current 



/TN 


* 

/i 
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Fig. 11. 

' ’ S' ' • 

is cut off before the voltage has fallen to zero. Such 
an n s'-lllatlnn -will take the form of Fig. 11, where the 
form of the genarating curve is y = sin 6 . From 
Fourier’s series the amplitudes of the nth harmonics are 


1 t» 

•< • 

and 

whence 


1 

. = - sin 0 cos n6 d6 
) = - sin 5 cos nO dO 


an 

h 


and 


i • I ' . . 

co s n 7 r{cos j8 cos nj3 -f n gin jg sin nff} + cos a cos ng + n sin a sin na 

^ 17(1-- n®) . 

' ' I 

COS mT{ii sin j8 cos ^jS — cos j3 ^j8} + cos a sin ng — n sin a cos na 
^ 17(1 r- n®) 


. ^ 1 COS a + cos fl 

from which -- — -- 

Similarly, by differentiating* the* numerator and dendmi- 
nator of and 6^ and putting n == 1 • ‘ 

sin^ B — sin^ a 

an =3 - 

^ 277 


sin a cos a + sin j 3 cos jS — a — j8 + 
and . fr, -- ^^ -- 

The complete expression of the wave-form then 
becomes 
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The follomng series are useful in computing R.M.S. 
and average values :— 

Z cos nn cos nd __ cos 20 cos 30 
^ w2 _ 1 ^4 I- ... 00 

= ^ -j- i cos 6 — sin 0 
00 . • ‘ * - 

S cos n 7 r{n sin n0) _ 2 sin 20 3 sin 30 

^ n2- l O 2T“ ■*" ■ 
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S sin |n7r(n cos n0) 
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_ 3 cos 30 6 cos 60 

2.4 4.6 

= — i cos 0 -|- ^0 sin.0 


By the aid of these series it is possible to check the 
above generalized fomniLe by putting 0 = Jtt, in which 
case the whole expression should equal unity; or by 
putting 0 = 0, when it should equal zero. 

The biphhse whvfe-fbrm as shoWh’in Fig. 12 is obtained 
by replacing w -t- 0 for 0 in Equation (10) and a/lriing 
the result so obtained to Equation (10). Thus 


go 

,, _ COS a -h cos ^ cos ^ cos nj8 + n sin )8 sin njS -j- cos a cos na + n sin a sin na 
^ ^ 7r(n2» 1)--(1 


+ cos nn) cos nd 


go 

\ P cos — cos j3 sin -f- cos a sin na — n sin a cos na, 

4_i 1)—^^ 


( 11 ) 


If a = j3, i.e. the point of Qut-off is equal to the 
point of cut-in, or the current wave is symmetrical, the 
following relationships obtain — 

r 

Single-Phase (Fig. 11). 
cos a sin 2a — 2a + IT . .. 

>’■ —+- w — 

cos a cos ng -j- n sin g sin na • 

» ‘7r(n2 — 1) ^ 

(1 + cos nTT) cos nd 

n sin a cos ng — cos a sin na 

~ w(n2 — 1) ] ^ 

(cos rnr — 1) sin n0 . (12) 

and the fundament^ cosine term disappears. 
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Biphase (Fig. 12). 

00 

_ ^ cos a A .^ cos a cos ^g -|- n> sin a,sin ng 
3r ^ - 1) ^ ^ 

(1 + cosnTT) cosn0 . (13) 



and both fundamental terms vanish as well as all of the 
sine terms. 
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SOME ARTIFICIAL LINES AND NETWORKS ASSOCIATED WITH THE 
UNIFORM TELEPHONE TRANSMISSION LINE.* 

By the Research Staff of the General Electric Co., Ltd. 

{Work conducted by A. C. Bartlett.) 

{Paper first received 2\st November, 1924, and in final form \Alh January, 1925.) 

and B the shunt member. It is interesting to consider 
whether {R -h oWliS + jpC) can be put in the form 
of + 2^B .with A and B both physically realizable. 
Take first the simple case where ^ = 0. We have 


Summary. 

In Part 1 it is. shown that the problem of constructing a 
network the impedance of which shall be ecjual to the impe¬ 
dance of an infinite uniform telephone line, can be solved 
exactly by the use of a number of sections of simple artificial 
lines. The artificial lines described are intended entirely 
for use in this way, and since their propagation constants 
are widely: different .from,- .that of the- uniform* line, they 
cannot be used as “ artificial transmission lines " to which 
any terminal apparatus might be added. 

Some of the artificial Lnes .can be used for attenuation 
correction. 

In Part 2 it is shown that related nctworlis can be 
obtained such that .when placed in series or in parallel with 
the infinite uniform line, the impedance of the combination 
is a pure resistance. 


Part 1. 

It is often necessary for laboratory purposes and 
for use in telephonic work—especially where telephone 
repeaters are used——to obtain networks the input 
impedance/frequency characteristics of which will be 


m ^^A/SA^WWyW^ 


Fig. 1., 

the same as those of an infinite, uniform, telephone 
transmission line. 

A number of approximate solutions are known which 
make use of networks of resistances and condensers.t 
It is the purpose of thi^ paper to show that, by the 
use.of pimple artificial lines,! the impedance elements 
of yrhich can be calculated from the constants of the 
line, a ,precise solution of this problem may be obtained 
The impedance of an infinite uniform line is 
VK-K +yplf)/r(^ + jpO)] where R, L, C and S are the 
resistance, inductance, capacity and leakage per unit 
length. ... 

The characteristic impedance of a T-section artificial 
line is + ^AB), where -4 is the series raeniber 

* The Papers Committee invite vTitten communications (with a view' to 
publication m the JthirHal'^ii approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later.than one month after publication or 
the paper to whidi they relate. 

t Hoyt : Bell System Technical Journal, April 192,3. . . ^ • 

t For general theory of artiheial lines see Kennslly '* Artifidal Electnc 
Lines ” [McGraw-Hill]. ‘ ’ 


B + jpL _ L/ 
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- (V§) 
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R 


2jp^(LO) 


But ‘\/{LIC) is of the dimensions of a resistance, and 
^J(LC)IR is of the. dimensions of a capacity. 
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Fig. 2. 

Hence the simple. T section of Fig. 1, where .4 is a 
resistance \/(L/p), and B a capaci^ 2^ {LO)lRt has a 
line characteristic impedance equal to 

The impedance of n sections of the line is 

V[(^ + 

or V[(-R + 
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Fig. 3. •* 

according as they are closed or open-circuited at the 
far end, where cosh 6=1 + A/B, Tanh nd a^d 
coth riB approach the value unity at all frequencies 
as r is increased; Accordingly ah irnpedance approxi¬ 
mating as closely as desired to + jpmjp^ can 

be obtained by using sufficient sections.^ 

In practice for aerial telephone lines two or three 
sections give an approximation'wiIMn 1 or 2 ^er cent 
for all frequencies above 200 cycles per second. 
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Similax results hold when S ^ 0. 

When RC > LS we have the section given in Fig. 2, 

where = V{L/0) 



Fig. 4. 


NETWORKS ASSOCIATED WITH 


Case 3. 3 = 0 (see Fig. 6). We have 

= 2ViLlCf) 
ij = (2LIR)V{LIG) 

= Vim 



When SC < LSj^ we have the section given in Fig. 3, 


where 



= Vim. 
^i)Kso 





It may be noticed that the H and T sections for any 
one case have the same propagation constant, and are’ 
thus exactly equivalent. An interesting way of deriving 
one from the other is to reciprocate one infinite line 
of. T sections with respect to itself (i.e. with respect to 






In a similar, manner n sections can be obtained. There 
are three cases, viz. - ■ ’ ' ■ • . ' 

SOLS.Si^V 
SO <L3, 

and 3 = 0. 

Cane I. SC >• L3. 3 ^ 0 (see Fig. 4). We have 

ra = Vm 
G IS 

^ 8B ys 

Case 2. SO < L3 (see Fig. ,5).. We have 

H’=ViLIO) 

L 

V, L3 -^ OS .. . 


its line characteristic impedance) when the correspond¬ 
ing infinite line of JJ sections is obtained, and vice versa. 

Bridge-type artificial lines having the same impedance 
as uniform lines can also be bbtained. Here it is neces¬ 
sary to express (jB + jpL)/lS -f- jpC) in the form A x 
One obvious wa 3 { is +jpL)lifx(S +jpC)}, x may 
be any numerical quantity and may be chosen so that 
the attenuation constant is' a maximum within any 
range of frequencies that may be desired. 

The attenuation constant ct, which is the real part 
of the propagation constant, can be calculated and it 
will be found generally that, for any value of x, a will 
have a maximum at one frequency. From this it 
follows that by using suitable values of .t, artificial 
lines can be obtained whose attenuation constant 
decreases with increasing frequency over a certain 
frequency range. Such a section, or number of such 
sections, may be inserted in a uniform line and used 
to compensate for the increase with frequency of the 
attenuation constant of the uniform line. Also, since 
the line characteristic impedance of the artificial line 
is the same as that of the uniform line, no reflection 
or impedance disturbance is introduced. 

Other bridge types may be derived from the T sectionsi 



THE UNIFORM TELEPHONE TRANSMISSION LINE. 


595 


just given by using bridge arms such as xA and 

(l/*)(d + 2B). , 

By terminating n sections of any of these artificial 
lines by Zq tanh the impedance Zq tanh J (2n + l)fl 
is obtained, and by terminating by Z^ coth the impe¬ 
dance Zq coth |(2?^ + 1)0 is obtained. Hence two 
series of approximations to Zq can be obtained of which 
the first five members for a T section are shown in 
Fig. 16. 

Having decided on a definite number of sections, any 
of the equivalent networks obtainable by the methods 
previously given * can be substituted. 

As a practical example consider the case of a 200-lb. 
copper air hne having the following constants per mile : 

jR = 8*8 ohms. 

S = 10"*® mho, 

0 = 8 *6 X 10 ® fiF, 

L = 3«66 X 10“® H. 


cycles per second, and the results are showncin vector 
form in Table 1. 


Table 1. 



II 1 

3)« 12000 
(2 000---approx.) 

Tanh 6 .. 

1-06 /6° 24' 

1-0046 /F 

Tanh 20.. 

1-0034 /Tr 

0*99913 /0-86" 

Tanh ‘id.. 

0-9996 /P 

Very nearly unity 

Tanh 60.. 

0-999999 /0-004' 

Very nearly unity 


It will be seen that a high degree of approximation is 
very soon attained and that two or three sections give 






FIG. 9. 



A line balance can be made using T sections such as 
that shown in Fig. 2, 

where «= 652 ohms 

rg = 6 420 ohms 
C*! « 1-34/LtF 

If n sections are used, short-circuited at the far end, the 
ratio of the impedance of this netw'ork to that of the 
given uniform line will be tanh n0. Tanh nd has been 
calculated for this case for 7i = 1, 2, 3 and 6, and 
p — 2 000 and 12 000, i.e. for about 300 and 2 000 

* Philosophical Magazine, 1025, vol. 40, p* 728. 


an accuracy much greater than is usually required in 
practice. 

Part 2. 

It is well known that the impedance of the netwwk 
shown in Fig. 7 is equal to 18. provided that L — l^C, i.e. 
ipL = Ey(lljpO), or the impedances of L and O are 
reciprocal to R. This at once suggests the gen^aliza- 
tion that the impedance of the circuit of Fig. 8 is identi¬ 
cally equal to .A; the proof is obvious. If ^ is resistance, 
the reciprocals of a resistance, a capacity or an induc¬ 
tance with respect to A are a resistance, an inductance 
or a capacity respectively. Now we know^that the 
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impedance of a uniform line (assumed to be without 
leakage for the sake of simplicity) can be represented 
by a network of the form of Fig. 9. This is of the form 


T CT^ 

-vvwwv'— 




procal with respect to r of an infinite series of H «'=«^ti on 
(Fig. 11), and k therefore an infinite series of T sections 
of Fig. 13, having for series members inductances equal 




2 ^ Z 




Fig. 14. 


of Fig. 10, where Z' is the infinite H-section artificial 
line having the section shown in Fig. 11. 


~T 


Fig. 16. 


B 


^ impedance of 

the combination to r. The impedance I the md- 


to J Wj, and for shunt members resistances equal to ir 
Hence by shunting the infinite line by the network of 
I'lg. 14 the impedance is reduced to r, i.e. ^/iLIC), In 
I»MtiTO tile use of quite a small number of sections of 
tms artifimal line suffices to reduce the impedance of 
the combination to a dose approximation to a non- 
mductive resistance. 

Results of similar form follow for the other T sections. 

Froni the n section, except for the case when S = 0 
other shunting networks can be deduced in the gaTT.» 
way, or, by using the result that the network of Figr. 16 
m identically equal to A, networks which when placed 
m series with a uniform line reduce its impedance to a 
resistance can be obtained. 

n-section case where <5 = 0, by a double appU- 
cation of tte result of Fig. 8 two networks can be 
obtained which together shunted across the line reduce 
Its impedance to a resistance. 



Fig. 16. 
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CURRENT-TRANSFORMER METHODS OF PRODUCING SMALL, KNOWN 
VOLTAGES AND CURRENTS AT RADIO FREQUENCIES FOR 
CALIBRATING PURPOSES. 


By D. W. Dye, B.Sc. 


[From the National Physical Laboratory.] 

[Paper first received 315^ October, 1924, and in find form nth April, 1925; read before the Wireless Section Uh March, 1926.) 


Summary. 

A method is outlined whereby known, small radio- 
irequency voltages may be produced. The method consists 
of an arrangement of a current transformer, across the 
secondary of which is a suitable resistance of Icnown value. 
A thermo-junction or other device serves to measure or to 
set the primary current. Voltages from a few microvolts to 
a few tenths of a volt may be conveniently produced. The 
nature and extent of the errors of the method are disci^ed, 
and the precautions necessary to reduce tliese to a negligible 
amount are indicated. Various uses of the method are 
touched upon and the limitations of the method are given. 

An appendix gives a simple analytical treatment of the 
iron losses in the core of a current transformer at radio 
frequencies, in so far as these afEect the ratio of the traus- 
former. The phase displacement of the currents is, how¬ 
ever, not discussed. 


(1) Introduction. | 

In connection with investigations on the strength 
and direction of received radio signals, the strength 
and direction of atmospheric* disturbances, measurements 
of the amplification of radio-frequency amplifiers and 
in certain classes of decrement measurement, it becomes 
necessary to calibrate some part of the apparatus by 
the help of a known, very small voltage or current 
applied to a particular portion of the system concerned, 

A number of methods for the production of known 
voltages are in use by various investigators. These 
methods fall into two main classes :— 

(1) Potential difference between the ends of a resis-^ 

tance. The resistance usually forms a portion 
of a potential divider when the voltage required 
is very small indeed. 

(2) Electromotive force induced in the secondary 

coil of a mutual inductance. 

These two methods are discussed at length in a paper 
•by H. G. MaUer and E. Schrader,* and a number of 
typical cases have been taken with a view to indicating 
the nature and extent of the inaccuracies which may be 
introduced unless certain precautions are taken. 

Certain disadvantages of these two methods have 
not, how^ever, been explained. With regard to class (1), 
when the desired voltage is very small (below 600 juV) it 
is necessary to use a very low resistance if the measured 
current through it is used as a basis of calculation. In 

♦ « On thA Pro<tuction of Small' Altematinif Voltages of Known Value, 
Jahrbueh der DrMosen 1928, Vol. 22, p.^6. 


such a case the residual inductance of the resistance 
may introduce large corrections. If the voltage is 
deduced from the ratio of a low and a high resistance 
in series, recourse must be had to an instrument capable 
of directly reading at least 1 or 2 volts, unless a very 
high resistance is used in series so that the total voltage 
may be read on an electrostatic instrument. The self¬ 
capacity of such a resistance and the mutual capacity 
to other parts of the apparatus will again introduce 
serious corrections. This method has, however, been 
successfully used in America * for low radio frequencies. 
The chief advantage of resistance methods is that, 
except for the corrections, the voltage produced does 
not depend upon frequency. 

With regard to class (2), the main source of double is 
the relatively high impedance of the secondary winding of 
the mutual inductance. If the secondary is considered to 
be the source of the required electromotive force, then this 
source possesses a high internal impedance and hence the 
terminal voltage will depend upon the impedance of the 
circuit to which it is ‘ applied, unless this is very high. 
The capacity between primary, and secondary windings, 
in such a case, may also introduce considerable changes 
in the effective secondary voltage. Finally, the voltage 
produced depends to the first order upon frequency. 

The method is, however, extremely flexible, and when 
used vnlth precautions, is capable of giving accurate 
results. Its special sphere of usefulness is at low radio 
frequencies. 

The method described in the present paper partakes 
of the good quaUties of both the foregoing methods and 
is believed to be to a large extent free from the dis¬ 
advantages of either. 


(2) Principle of the Method. 

The essential feature of the method is the use of a 
current transformer whereby a known, very small 
current may be produced from a larger, directly measured 
one. The principles underl:^»ing current transformers 
for radio frequencies have been set out in a previous 
paper by A. Campbell and the present author.f This 
paper deals with the use of such transformers for the 
measurement of large currents. Reference is also made 
to the use of such apparatus for the measurement of 
very small currents; but there are serious limitations 


R. Bowk, G. C. Ehglumd and H. Fans ; *’ 
nts,” Proceedings of the InsHhde of PaMo En^nj^s, 192^ vol. . 

!« “On the Measurement of ^ternating 
squency,” Proceedings of the Royal Society, A, 191*, vol. 90, p. 
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to the use of transformers in this direction. There 
are, however, no drawbacks to the use of current trans¬ 
formers for producing known, small currents in a 
secondary circuit, so long as certain conditions in the 
circuit are satisfied. In order to produce a known, 
small voltage we have only to pass the small secondary 
current through a moderate resistance provided with 
potential leads. The S 3 rstem is therefore as shown in 
Fig. 1. 

Current of the value of a few mA to 100 mA is pro¬ 
vided by a local high-frequency source. This current 
is measured by a heater and thermo-junction, and 
also passes through the primary winding of the 
transformer. This winding consists of one or a few 
turns of stranded wire and has an inductance 
which is, in general, negligibly small compared with 
the main inductance in the source. 

The secondary winding consists of turns uniformly 
wound around a bundle of iron ring stampings, and 
thus forms a toroidal iron-cored inductance. This 
winding is connected to a non-inductive resistance JR 
.having a value between 1 and 60 ohms. This resistance 
should have separate potential leads in order that con- 

I Iron core 
uniformly 
■ ound 
ttums 



Fro. 1. 


To apparatus 
* —►under 
f—calibration 


tact resistoces may introdtice no uncertainties, and 
also to eliminate or compensate residual inductance if 
necess^. Ihe desired potential difference is obtained 

apparatus 

Within c^in limits discussed below, Hie current 
tav^smg IS independent of the value of and so a 
^naderable range of voltage is available. The voltage 
Kj IS, to a close ap^proximation, given by ' * * 

• V • • • (1) 

fo™ a special 

S^n alTe >aductance. and need not taie the form 

of mutual and secondary self- 
mductances Equation ( 1 ) becomes^ 

2 . . . . _ (2) 

If, however, a mutual inductance of the more usual 

ZT’r** O’ 

•iltiJJy 

.ado « 


conductors is constant and independent of the path 
followed. If, therefore, the secondary winding is of uni¬ 
form cross-section and uniformly wound in such a manner 
to have no appreciable leakage magnetic held when 
linked with the primary, the mutual inductance will 
be independent of the location of tlie two windings with 
respect to one another, and the ratio of secondary 
self-inductance to mutual inductance will be exactly 
equal to the ratio of secondary to primary turns and 
will be independent of all the dimensions. 

It is only necessary in such a case to take a ring- 
shaped core of uniform section and uniform permeability 
and wind it with a uniform winding to form the secondary 
circuit. In some cases the core may be magnetic, but 
in others it is preferably non-magnetic. The primary 
may then consist of between 1 and 20 turns or even 
more. These may iiieoretically be wound in any manner 
whatever so long as they link tlie secondary. They 
are, however, better if symmetrically disposed about 
the secondary. When the secondaiy winding is effec¬ 
tively short-circuited the ratio of secondary to primary 
cu^ent will be to a high degree of accuracy, 

and no measurement of self-inductance or mutual 
inductance is necessary. This ratio will also be almost 
independent of frequency. 

Two examples are given below to indicate the range 
of voltages conveniently available. 

Very small voltage. 

= 2 X 10-3 ampere 
= 1 turn 
^2 == 200 turns 

O' 1 ohm (not recommended at high 
frequencies) 

^2 ^ 1 X volt 
Moderate voltage. 

ix = 100 X 10-3 ampere 
-^1 = 10 turns 
^2 “ turns 
= 50 ohms 

•®2 volt. 

(3) Conditions Governing the Accuracv of the 
^ ♦ Method. 

of SriSS":-governing the accuracy 

(а) ^ose inherent in the method itself. 

(б) Those depending upon the nature of the circuit 
. to which it is applied. 

eq’^atiohs connecting primary 


(i) For damped or modulated wave-form. _ 

is = :Hri _ ^2(^8 - 
A ' -^sL ~ ii|m® 

(ii) For sine-wave form .— 

is ^ ^^ 4 \ 


u- 


(3) 


(4) 



KNOWN VOLTAGES AND CURRENTS AT RADIO FREQUENCIES. 


699 


where Sj^ = logarithmic decrement per whole period, 

Xg — total self-inductance of the secondary 
circuit, 

M = mutual inductance between primary and 
secondary, 

JBg = total effective resistance of secondary 
circuit. 

Considering only the. sine-wave case, it is seen that 
the only term involving frequency is the correction 
term If it is desired to keep this correc¬ 

tion term not greater than 0-6 per cent, the value of 
R^[L^a)) must be ;not greater than 0-1. For various 
reasons an upper limit of should be about 60 ohms. 
In an extreme case in which co is only 10® it will be 
necessar 3 »‘ to make JDg as great as 6 mH. To achieve 
such a value even with an iron core would require a 
considerable number of turns on tlie secondary winding. 
If, at the same time, we wished to produce a considerable 
voltage it would be necessary to provide a considerable 
number of primary turns—about 20. At such a low 
frequency, however, there will be no objection to this, 
since a very large inductance in the generator oscillatory 
circuit will be inevitable. 

For the case of d^ped waves, an inspection of 
Equation (3), shows tliat for all ordinary values of 
the term {hj 7 T)L^m will be not greater than Eg unless 
Eg is very small, in which case the whole correction 
will slill be small. We miay write Lgco — gEg; Equa¬ 
tion (3) then becomes 



As an example, if g = 10 tlien would need to 

be equal to 0*2 before the correction term became 
-|- 0*6 per cent on account of In such a case 
would need to be 1 • 26. 

Sinerwave: modulated waves may be considered to 
,be of the form : ' 

' . f 1^(1 -f r sin Jt) cos 

This may be considered to be equivalent to three inde¬ 
pendent sine-wave sources having the values 

,. Iq cos oit -h sin (co +f)t + sin (co — J)t 

The R.M:S. current will then take the form 

In practice the three frequencies are not very different 
from one another, so that the mean correction term in 
(4) will be almost identical with that for a single sine- 
wave case. The worst case would be that of a com;- 
pletely modulated wave with the carrier wave suppressed. 
In such a case the correction term would be increased in 
the ratio of 1: (1 + f^/co ^}. The value of /is never likely 
to be greater than l/20th of co. In this case the increase 
in the correction term is entirely negligible. 

In the case of an iron-cored transformer the hysteresis 
and eddy-current losses in the iron inti*oduce a correction 
term which is proportional to Eg Atid not to Ef. This 
question is dealt with more fully in Appendix. 


The additional term which will be inside the bracket 
of Equation. (4) takes the form 

_ j? *4^ 

+ 8 ^) 


where the iron losses aie represented by a tertiary 
circuit having constants of resistance and inductance 
equal to S and N respectively and coupled with the 
secondary circuit by mutual inductance mg. The 
correction term due to the iron losses may be very 
conveniently written 

4 L^co 


where Bi represents the logarithmic decrement * of the 
magnetic core. This term tends to become more im¬ 
portant than the second term of Equation (4) if the 
flux density in the iron is not kept very low. Since Bi 
piay approach unity in an extreme case it is very 
desirable to keep Eg/CXgCu) as small as convenient. Iq 
general a value of 0-05 should^ be considered as q 
working limit for the method when using an iron-cored 
transformer. . * 

Resistance 

9 _§-^. 

CuttW ^ 

leads_ . -b 

<E b • PotenSl leads , 

Fig. 2. ^ 


When the method is in use it is easy to see if the 
correction terms are small. There are two ways of 
doing this :— _ . . 

(а) To vary the ratio of transformation and then 

alter E to' bring the nominal voltage to thq 
same value. There should be no alteration 
in the voltage as indicated on the amplifier 
or other device uhder calibration. 

(б) A resistance of TO ohms or so may be added in 

' the secondary circuit in series with the standard 

, p resistance across which the desired voltage is 
produced. There should be no change, in Jg 
and hence no change in the voltage across E. 
iBoth these methods haye been tried and no 
appreciable change in voltage across. E. could 
be detected in a case in which this calibrating 
method was used in connection with measure- 
ments on signal strength. In‘ general, the 
surest way of ascertaiqing that the value of 
E chosen is not too large is to a^d a resistance 
^ . equal to JE; the total correction will then 
, ‘ become about twice what it yras before. Hence 
the change noted can be used to correct the 
original; observation if found ^eat enough. 


There are two other quantities associated with the 
method which may introduce errors in the' value 
the electromotive force at the potential points of E. 
These are, residual inductance I in the iresisttoce, and 
capacity between the points " a, b of Fig. 2; • Such 

♦ The loKatlthmic decre^nent of the mametic core nwy b^e defined as the 
ratio where AJ* and AL are the increases in effective resistance 

Sd e4^v?iiiductance respectively of an inductive coil, due to the present 
of the“ magnetic core. The ratio is independent of ^e shape 05 size of the 
core. • 
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capaaty will include the self-capacity of the secondary 
Winding and of the leads connecting B to it. 

For the capacity effect we may consider B to be re- 
^aced by a condenser and a resistance in parallel. 
The equivalent series impedance of such a combina¬ 
tion is given by 

~ r+~^dW 

Lfft) = — JS^O(o 

We may consider the total ingoing current /« aa being 
entirely unaltered by the addition of O. We have 
therefore, ’ 

= •r2V’{fi®(l - + (JS2(7)2a,2} 

•= - i^202ct,2) 

H we take an extreme case, we may have S = 60 
O — 20QfifxF, cti = 10*^. The correction then becomes 
equal to 0*6 per cent. 

The second source of error resides in the inductance 
of the resistance. Instead of JEI^ = JS/g we shall have 

where 1 is the residual inductance of the resistance. 

If the correction term is small, this may be 
wntten 

— 

Taking an extreme case, and assuming that the coixec- 
If J? 0* 1 ohm and o) s= 


describing some of the applications and the convenient 
arrangement of the circuits. 

(4) Arrangement of the Apparatus. 

A suggested outlay of a valve generator apparatus 
suitable for the method is given in Fig. 3. The oscilla¬ 
tory circuit consists of toroidal inductance L, and 
serened adjiistable capacity ; this circuit is outlined 
with heavy lines and shows a two-tiifn'primary winding 
on the current transformer. A thermo-junction and a 
galvanometer G serve to measure the primary current, 
jje parts of the circuit at a high alternating potential 
above ^at of the point marked B are enclosed in a 
metal-lined box which is connected to the circuit at 
. A large condenser C 2 across the anode battery 
seizes to keep its impedance practically zero. The 
only external lead requiring a screen is that going to* 
the msulated, fixed set of plates of the variable con¬ 
denser. If this scheme is carried out there is practically 
no potential difference between any two points in the 
external circuit or the oscillator, except at the place 
where it is required. 



/== 1 X 10- 


henry, i.e. 1 cm only. 


If the resist^ce is a four-terminal one, the effecti’ 
inductance wiU include mutual inductance between ti 
curre^and potential leads. Use can be made'of tb 
property to wmpensate the true residual inductance ! 
as to caiKe the effective residual inductance to be strict 
zero, as first shown by Campbell.* 

There Me, however, considerable uncertainties attad 
mg to the measurement of residual inductance of lo 
resistances to such an accuracy as 0-001 uH * It 
wmiderM undes^ble. therefore, to use resistant 
than I ohm at high radio frequencies. Eve 
wito this v^ue, care should be taken in the constnictio 
of the resistance and its leads. Thes 
should be an^ged m a manner which will bring abou 
a com^nsabon in the potential leads if accuracy i 

coSte K the resistMc 

consists of a loop of wire only 1 cm or so long double 

inductance, wiU be only of .the orde 
ahfZf'^6 * unpor^ce only at frequende 

shown to F J ^ ot resistance i 

It ^ be convenient to discuss the' effects of thi 
circuit to which the ftansformer is connectS, wSi 

In Fovu-tetminal Resistances,' 


It is not essential to use a toroidal form of inductance 
m every case, but where highly sensitive apparatus 
IS being cahbrated the superiority of this form from the 
pomt of view of screening will be evident. In such a 
case It IS really only necessary to provide electrostatic 
screermg against capacity coupling between the oscilla¬ 
tor and the apparatus being calibrated. Some measure¬ 
ments made on toroidal coils showed that their effective 
self-capacity wm only about 60 per cent greater than 
those of the smgle-layer cylindrical t 3 rpe of the '.amA. 
overall diameter. 

. When toroidal coils are used to a one-valve oscillator 
It K e^ential to use a separately wound grid indudng 
^his coil should not be completely overwound 
on the main oscillator coil but may extend from a 
•t to f the distance round the ring, commenctog at the 
pomt connected to B. 

In oscillator circuits used to this manner for cali- 
bratmg, purposes it is desirable to keep the capadty 
Oj ss large as possible. A capacity of 0-002 uF is not 
too large m most cases. 

transformer constructed at the 
National Physical. I^aboratory for general laboratory use 
consists of a secondary winding of 100 turns uniformly 
wound around c&re.. There are three primary wind- 
mgs of 1, 6 and.lO turns respectively. The turns of 
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the secondary winding are loca,ted in position by sniall 
notches spaced around the four circular edges of a ring- 
shaped ebonite box in two halves. This box contains 
the iron stampings forming the core. These latter are 
of thin stalloy and have a cross-sectional area of about 
2 cm^. In some cases where relatively large voltages 
are required at low radio frequencies it is desirable to 
use a larger cross-section of iron than 2 cm^. A larger 
resistance may then be used without increasing the 
flux in the iron to a value at which the iron correction 
term becomes serious. 

(6) Applications of the Method. 

The method of applying the voltage to other appa¬ 
ratus will, of course, vary considerably according to the 
conditions which must be maintained in the apparatus, 
and to its impedance. The factors to be considered 
are:— 

(1) The effect, on the applied voltage, of the circuit 

to which it is applied. 

(2) The effect, on the circuit, of the application or 

introduction to it of the resistance across which 

the applied voltage is produced. 

(i) Calibration of an amplifier ,—^When the ampMer 
is of a type possessing the very high input impedance 
of the grid-filament circuit of the first valve, the attach- 
ments^of this to the terminals of the resistance will 
not alter the calibrating voltage. Tlie main precautions 
to be taken then consist in so arranging the disposition 
and connections of the parts that no electromotive 
forces, other than that directly applied, may operate 
on the ^.mplifier system. In a case where the grid fila¬ 
ment is directly connected to the resistance, any capacity 
coupling to this valve will be of negligible consequence, 
but when the grid and filament are separated by a small 
condenser of comparatively high impedance the leads 
and other parts of the grid circxiit may receive an alter¬ 
nating potential which is not negligibly smhll, as the 
result of capacity coupling to portions of the generator 
system. On this account it is desirable to connect the 
transformer primary at the high-tension battery end 
of the toroidal inductance and not at the inductance 
end joined to the anode of the generator valve. In 
the latter case the capacity coupling between the 
pr im ary and secondary of the transformer, together 
with the capacity of the amplifier valve to earth, con¬ 
stitute a circuit in which a parasitic current will flow. 
As a result an additional E.M.F, will be applied to the 
grid-fflament circuit of the valve of the amplifier. 

Some measurements made on transformers gave 
values for the mutual capacity varying between the 
limits of 1*5 jUDfiF amd about 10 [MfiF, depending upon 
the number of primary turns. 

The most rigorous test to apply, to ensure that these 
parasitic E.M.F.'s are not of importance, is to reduce 
the applied voltage to zero by making JK zero. There 
should now be no difference in the amplifier measuring 
circuit when the calibrating oscillator is switched off 
and on. In general when a very sensitive amplifier is 
under calibration it is impossible to realize this con¬ 
dition perfectly, unless complete electromagnetic screen¬ 
ing is adopted as well as inserting tho primary of the 
VoL. 63. 


transformer on the anode battery side of the oscillator 
inductance. , ^ 

(ii) Calibration of a receiving system ,—^When it is 
desired to introduce a known E.M.F. into an oscillatory 
circuit of low resistance, two effects will occur. The 
applied voltage will be reduced, owing to the shunting 
effect of the circuit on the resistance. Also, the voltage 
amplification of the receiving circuit will be reduced, 
owing to the increase of its effective resistance conse¬ 
quent upon the addition of the resistance B, 

If the oscillatory circuit has an effective resistance S, 
then when in resonance it will reduce the voltage 
across the terminals of B in the ratio SI{B H-* /Si). Also, 
by reason of the increase in effective resistance of the 
oscillatory circuit from 8 to {8 + B), the voltage 
amplification of the circuit will be reduced in the ratio 
8I(B ^8), The nominal voltage applied mi^ tliere- 
fore be multiplied by the factor 8^1 {8 -f B)^ in order 
to render it equivalent to an unaffected voltage operat¬ 
ing on the unaffected resistance of the receiving circuit. 
Since, in general, the effective resistance of a receiving 
system will not be greater than 20 or 30 ohms and may 
be as low as 1 or 2 ohms, the correction terms may become 
very serious, and would entail an accurate knowledge 
of 8, It is suggested, therefore, that this method of 
applying a voltage to a receiving system must be used 
with great caution and with full knowledge of the con¬ 
ditions of the receiving system. 

(iii) I'he provision of a very small current or voltage 
in an inductive coil—^such as a Bellini-Tosi inducing 
ooiL —In such a case the conditions are quite different, 
since the transformer is not effectively short-circuited. 
In this use of the method it will be essential to use an 
air-core transformer in order that the secondary induc¬ 
tance may be invariable with frequency and current. 

The formula? for current ratio will be as in Equations 

(3) and (4), but instead of we shall have (Irg + 
where is th^ sdf-inductance of the coil through 
which the desired current is passing. The secondary 
winding of tire transformer should again be toroidal in 
. form and may be wound conveniently on a frame ma.de 
up of two ebonite rings separated by three ebonite 
pillars. If the ratio of secondary to primary turns is 
NJNy then the secondary current in the external 
coil will be given by 

lit _A (6) 

^Z "I" "^8^ 2(1/2 "I" 


in which JBj is the total effective resistance of the 
secondary circuit. 

When lig is not small compared with it may become 
necessary to take acepunt of the self-capacities of the 
secondary winding and of the external winding; the 
capacity of the connecting leads wiU also need to be 
included. For the purpose of making this correction 
we may consider these capacities to be represented by a 
single concentrated capacity shunted across the secon- 
^yinding. Calling this capacity 0 it will be found 
that tlie ratio of current in the external coil to that in 


the primary is given by 

h -^s + -^81. 


4 L^L^Cco^ X 

2(1^2 + is)®"" ^2 + nj 

40 


( 7 ) 
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Whence 

- Wi«ta)2a)* + 


It be seen tHat tlie corrections are of opposite 
however, the first term varies inversely as 
eo , whilst the second one varies directly as that quantity 
a compensation cannot be obtained over any useful 
range of frequency. 

It is desirable, in general, to keep X» fairly large 
compared with i,. In this case and do not need to 
be known with very high accuracy. If, however. 
ZgC(^ is as great as 0-1 it would be better to keep 
a^ut the same value as Zg in order to reduce the value 
of the second correction term. 

Except at very low radio frequencies the first correc¬ 
tion term will not be large, since we are not adding 
resistance intentionally in the secondary circuit. 

For recommendation and permission to publish the 
method, the author’s thanks are due to the Committee 
m the I^dio Research Board on Standards and the 
ijopagation of Waves established under the Department 
of Saentific and Industrial Research, under whose aus- 
gcra the work was done. He is also indebted to Mr. 
Hdhngworth, of the Wireless Division of the National 
I^ysical Laboratory, where the method has been 
^opted. for confirmatory information regarding some 
of the points referred to in the paper. ^ . 


4 


4 {(iW - w|)<o5i - 2B,S'}2 + • U®) 


W(Nm -g)V Z^co^(s + ^f 


(11) 


we^hlTl “nd thar*”' compared with AfN, 

I'^L Z^co- U2) 

ttemfom haff-if : Wo . 




2m|R5 


J 


(13) 


APPENDIX. 

Iron-Cored Current Teansforscer. 

«<l«ivalent to a closed tertiary 
‘Fig 4 ) ^^^rymg an instantaneous current ig' 





We have 


where 

from which 
and 


+ i^a) + ^ 

+ ^a) + 63. = 0 
+ tgWga 
63 = + ^ 2 ^ 2 ^ 

a «ya) 


■’ -S' + Na 


( 8 ) 

(8a) 

( 9 ) 

(9a) 


<.(« + i.) + - 

13^} 


li=^Fi _ 

if' -C^L '"l^~jD2(N2a>2. 

^ mipor^ce of the second correction term 

1^ depMd upon the nature and .extent of the iron 
ses. piere IS a lack of information regarding the 

o?2di^fr^n“ alternating inductions 

+1^ fraqaency In a typical ca.se of a well designed 
transformer the effective R.M.S. magnetizing fofce will 
be ^tje o^er of 1 x 10-4 to .5 x 10-4. AtsucTwSk 
S,^***^*^°*f hysteresis losses become small 
^ eddy-current losses, since tlie former 
vary M a powqr of B which is considerably greater than 
2. The second correction term in Equation (13) canndt 
be used m ite present foim owing to the uncertainties 
° the values of Nand N, and to tlie fact 
S fa i^l vapr with and frequency. 

^ mtrdduce some more funda- 

mental term to express the effects of the losses in the 

ttok of tlie TOre as possessing a logaritlimic decrement 
given M the rabo AB/(2nAL). where AB and AD 
resistance and inductance re- 
specrively conferred upon , my circuit in virtue of the 
iron core. 

Consider'the•single winding of Ng turns of the trans- 

magnetic material of effective 
permeability fi and of cross-section and length s and I 
respeptively. . . 

We shall have 

' ^ I‘2i>7 X N\x jj; X 8 X 10--8 

^--—-henry 

^t a current J, be flowing in the winding, of such 
value as to produce tlie value of E actually existing 
in tte current-transformer core in normal use. We fit>f i7 T 

loT • ■• • • • (14) 

.The circuit will have a resistance component r repre¬ 
senting the iron losses. This resistance will be such 
that rig = W =•• .iron losses.. We have alsor/(2Z^) 
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Reverting for a moment to the transformer case, we 
have, at the secondary terminals, a voltage given by 

JBj^ = 

The value of H necessary to produce this value of 
will be given by 

JE?2 = 27rN^HfjLsn X 10"® . . . (16) 

where n = frequency. 

We can equate the two values of H in (14) and (15) 
thus :— 


From Equations ( 6 ) to (9) we shall find that 

4 _ + (miL — . 

j2 + (MN — 

Since the primary and secondary windings are similarly 
situated with respect to the fictitious tertiary winding 
representing the iron losses, we may assume that 
mJM = m^JL. We shall also have small compared 

with MN, so that 


whence 


4^N^I, E^ X 10® 

10? ^irN^iJ^n 

^ JRJg X 10® X ? 
^ X N^^ fisn 


I 3 miE^ _ nj^E^ 

j| “ MHS^ + ^ I^{S^ + N^co^) ‘ 

If we substitute a from (16) into (18) we get, . 


Now the iron losses are given by 


rif. 


We have 


C7 = wt|R^/[I^(iS2 + JV^cu^)] 


r = Si X 2Ln 

2nx 1-267N2U5 X 10-® 

= f - 

The losses become 

_ X 10» ^ 

Stt® X 27r2»Ir 

The secondary losses are equal to Rl%. 

The ra^o of the losses, o, is given by 

_ JR _ Si _B 
^ ~ Itll~ ir ^ Lo) 

llR 

in the equivalent of Fig. 4. 


so that 2(7 is equal to the second correction term of 
Equation (13). But a by (16) is equal to 8iEI{7rLw), 

We see, therefore, that, in terms of the fundamental 
properties of the iron, Equation (13) may be written 


If A."! 

Ji • lL^ 2LW •tt ’ 1.CUJ 


( 20 ) 


The quantity Si may vary over very wide limits accord¬ 
ing to the quality and thickness of the iron and according 
also to the frequency and the value of to which it 

(1^*) is exposed. With thin stalloy (0-02 mm thickness) 
and at a frequency of 10 ® cycles per second, Si has 
values varying between O’Ol and 0*1 for a range of 
(^'^) from 9 . very small value up to if — 0 * 002 . On 

the o^er hand, with tliicker h*on and at higher frequencies 
Si may be as high as 1 • 6 . 


Discussion before the Wireless Section, 4 March, 1925* 


Mr. F. E. J. Ockenden : The author does not refer 
to the probable accuracy of his method, i.e. the accuracy 
which one could hope to attain by the use of cores of 
convenient dimensions and windings and the usual 
values of M. I have recently been experimenting with 
a current transformer of turn ratio 1/1 with 30 primary 
ampere-tums, using a difEerential tl^ermo-couple to 
detect any difEerence between the primary and secondary 
currents. A typical result is as follows: Primary 
current, 1 ampereprimary turns, 30; secondary 
turns, 30; frequency, 1 x 10 ®; secondary watts, 0 - 6 ; 
differeaa»oe between primary and secondary currents, 
1*6 per cent. In the second example given by the 
author the number of primaiy ampere-turns is 1 • 0 and 
the secondary watts = 0*006. Assuming that the error 
. per cent falls as the square of the flux and therefore as 
the square of the secondary load, but varies inversely 
as the primary ampere-tums, the error would be 
1 -6 x (30/10) x“ (0-4)05/0*6)2 == 0*0045 per cent, or 
about 6 parts in 100 000. This appears to be exceedingly 
good. I do not know if it is the sort of accuracy which 
the author himself would expect. It occurs to me, 
however, to wonder whether, when the secondary load 
is exceedingly small, the core loss of the transfcomer is 
really tlie deciding factor. It is very .difficult to wind 


an iron-core transformer with two windings so perfectly 
linked that the leakage fiux is really nil, and at fre¬ 
quencies of between 10 ® and 10 ® a very small leakage 



flux will add to the secondary load a large inductance, 
which will reduce its apparent power factor to figure 
far below unity. In the example nJentioned before. 
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the power factor appeared to be only 0*40, i.e. cos^ 
= about 66®, and as the non-inductive component is 
reduced to lower and lower values the angle will approach 
nearer and nearer to 90®. The primary current will, 
of course, follow this very closely and the internal 
power factor of the transformer wiU remain very high, 
but, as the power factor of the load decreases, it will 
move more nearly into phase with the magnetizing 
component of the primary current and nearly in 
quadrature with the core-loss component. The latter 
will then have practically no effect on the transformer 
ratio, whereas the former or magnetizing component 
must be added vectorially to the primary current, or in 
the case of a 1/1 ratio may be deducted from the 
secondary current (see Fig. A), In reference to Fig. 3, 
the author mentions the necessity of carefully screening 
the oscillator circuit from the apparatus being cali¬ 
brated, and states that this is very difficult to do per¬ 
fectly, If it is difficult in the case of a small valve 
oscillator, it may be imagined that it is almost impossible 


however, when such a method is used for the purpose 
of signal-strength measurements, for here the secondary 
forms part of the antenna system and it is always the 
E.M.F. induced into the antenna system which is 
required to be simulated. We are thus not concerned 
vdth other than induced E.M.F.'s, In connection with 
signal-strength measurements, it is often necessary to 
go below the limiting value of 1 fiY quoted by the 
author; for instance, in practical measurements I often 
go as low as 0 * 2 juV, and I should like to ask the author 
what arrangement of and B he would recommend 
for this purpose. The method 1 use is shown in Fig. C. 
Here If is a calibrated variable mutual inductance 
having a maximum value of the order of 1 uH, the 
primary being fed from a screened oscillator. The 
secondary, which has an inductance, L, of about 20 uH, 
is shunted by a non-inductive resistance; E, of 100 ohms] 
of which 1 ohm is tapped oft and included in a frame- 
antenna circuit. The voltage, JSJ, across the 1 ohm is 
given as a function of 2^, the current in the primary of 



in the case of a 2 kW Poulsen arc such as I have been 
using. I have tried screening the test apparatus only, 
but, apart from burying it, this seems almost as difficult. 
I have, however, successfully solved the projDlem by 
the use of a second iron-cored transformer. Thus, 
referring to Fig. 3, imagine the transformer shown to 
be merely a feeder transformer of indifterent accuracy. 
The core and secondary winding of this transformer 
may be earthed and the leads marked " outputmay 
be carried away for a considerable distance and then 
be used to feed the primary of a second transformer, 
used as a standard, the thermo-couple being inserted 
in the primary of this second transformer. By using 
the resistance marked E as a variable shunt across the 
feeding transformer secondary, the current in the 
standard, and therefore the potential across E,, may be 
adjusted to a nicety. At the same time the whole of 
the standard gear and the ampliher under test may be 
placed remote from the generator and exceedingly free 
from Jie parasitic potentials which the author mentions 
as being difficult to eliminate (see Fig. B). 

Mr. F. E. Nancarrow : In the introduction to the 
paper the author states, in referring to Ihe second 
method of producing small E.M.F.’s, that a disadvantage 
of the method arises from the high impedance of the 
secondary winding. No such disadvantage exists. 


the mutual inductance’, and M, the value of the mutual 
mductance, by the following:_ 

-A. l/toL\^ , 1 

“100 B + • • •/ 

Al - -Af— -t4| 


To screened 
oscillator 



To antenna 


Fig. C. 


Hence, provided that B is sufficiently large compared 
wth ft)!-, the voltage across the tap is always propor- 

^ practical case where n 

mi = 20/3 ohms and mi/E = 1/16, or {wL/B)’^ = 1/226, 
i.e. this term would involve a correction of less 
i_per cent, which is negligible in practical measurements 
of signal sti-ength. For the measurement of I, I 
actually use a valve voltmeter, which gives the voltage 
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across a condenser in the circnit including the primary 
of the mutual inductance, and from which is derived 
ip. the usual way. The author*s method is of course 
fundamental, inasmuch as it only relies on the single 
measurement of current. I have found that a valve 
voltmeter, especially after much use, requires frequent 
recalibration, and I should be glad if the author could 
give any information as to the constancy to be expected 
from thermo-couples suitable for the measurement of 
currents of the order of I mA and less. On page 601 
ip connection with the calibration of a receiving system 
the author states : “ If the oscillatory circuit has an 
eftective resistance S, then when in resonance it will 
reduce the voltage across the terminals of It in the 
ratio SI(B + S)” This is very true and has of course 
to be taken into account in the application of the 
method I have described above. The author goes on 
to say : ** Also, by reason of the increase in the effective 
resistance of the oscillatory circuit from ^ to (/S -H I^)t 
the voltage amplilication of the circuit will be reduced 
in the ratio SI(B + In some methods of measuring 

signal strength, the resistance B is continuously kept in 
circuit, so that I do not think the second correction 
would apply. 

Mr. J, Hollingworth {communicated ): Since the 
introduction by the author of this method of producing 
accurate radio-frequency E.M.F/s, we have made 
considerable use of it in the Wireless Section of the 
National Physical Laboratory and have found it of 
very great value. From the point of view of the practical 
user it possesses two very great advantages. The first 
is that, provided proper attention has been paid to the 
fundamental points in the design, all subsequent calibra¬ 
tion is not at radio frequency but consists merely of 
ordinary Wheatstone-bridge resistance measurements 
Consequently the apparatus can be modified and recali 
brated in circumstances where there are no facilities for 
accurate high-frequency measurements. The second is 
the large range available from a single transformer, 
especially if not more than 2 or 3 per cent accuracy is 
required. The effective range of a variable mutual 
inductance is not usually large, at any rate on the more 
open portion of the scale, whereas with this system it is 
possible to retain the same accuracy over a very large 
range of intensity. In my present signal-measuring 
apparatus the primary contains two windings with 60 
and 30 turns, the latter also being tapped so that 
altogether 90, 60, 30, 10 or 6 primary turns arc available. 
The secondary is connected across a fixed resistance of 
20 ohms divided into 2-ohm and 0* 2-ohm sections. 
With this it has been possible to deal, with the same order 
of calibration accuracy, with signal intensities ranging 
from 10 to 17 000 microvolts per metre. As regards 
•Uie absolute accuracy of the method, a direct check is 
almost impossible, owing to the difficulty of measuring 
the small secondary current to, an accuracy comparable 
with that claimed by the system. It can of course be 
done by increasing both primary and secondary currents 
lintii the latter reaches a value which can be dealt with 
by a thermo-junction of, suitable resistance, but in this 
case the iron-loss factor may become serious. Personally, 
at any rate for frequencies below about 2 X 10®, I 
prefer to^ rely on the tests suggested by the author on 


page 699 and to accept the theoretical values as long as 
these are satisfi.ed. I have also had the apparatus 
working at a frequency of 3 X 10®, but have not had 
sufficient experience in this case to give a definite 
opinion of its working under practical conditions. 

Dr. N. W. McLachlan (communicated) : There is 
an error in Equation (12) which can be found readily 
by simplif 3 'ing (11), when it will be discovered that 
should read The correct ex¬ 

pression for (12) is therefore 


1 


'N 


2 m 2«)2 /. 

o>^I? -H I^oAl 


ml B8 \1 


To reproduce the author's version of Equation (13) it 

is essential that NJL —- 7?2|/(2L^) = 0. Now 
where \ is tlie coefficient of coupling between the 
fictitious tertiary circuit and the secondary winding. 
Making use of this condition we find that (N/L) (1 — 

=s= 0, or = 2, which is only possible if we violate 
the law of conservation of energy. Since Equation (20) 
is derived by the aid of (12) and (13) it is clearly 
erroneous also. Then the derivation of (16) is accom¬ 
plished by a confusion between mean, root-mean-square, 
and maximum values. The right-hand side of Equa¬ 
tion (16) should read {dil'n)(Bla)L), i.e. 7r/4 should be 
replaced by I/tt.* Reverting now to the physical aspect 
of the problem, the use of a fictitious tertiary circuit 
may be of assistance mathematically—provided of 
course that the analj^^sis is free from errors—but I do 
not think that it is so fundamental as a method based 
on a loss in the primary circuit. In a transformer 
having equal numbers of primary and secondary turns, 
the primary current would exceed the secondary by a 
small percentage owing to the magnetization loss in 
the iron necessitated by the ohmic resistance of ’^e 
secondary. Assuming steady conditions and neglecting 
radiation, there would be no magnetization of the core 
if the secondary resistance were zero, and the error 
would vanish. Moreover, it appears reasonable to base 
the analytical work on the extra primary current. This 
is the customary practice pursued by engineers, 
it seems to have stood the test of time. Following 
this procedure, I published a theory of iron-cored liigh- 
frequency current transformers more than eight years 
ago.f When the secondary load is purely resistive the 
error is—neglecting a term of the second order—given 
by B cos 0l{a>L) where cos 9 is the power factor of tlie^ 
primary winding due to the iron alone. In the same 
publication I discussed the question of loss and low 
flux density which obtains in these transformers, and 
from actual data and experiments showed that at low 
frequencies the error was many times that on high 
frequencies, since jj^af increases wilffi the frequency. 
Although the influence of capacity in the ‘ secondary 
circuit was omitted, an analysis was made at the time. 
Since capacity effects are negligible unless the wave-' 
length is very short, publication was thought unneces¬ 
sary. For eiample, at 600 m (jf 6 X 10® p.p.s.) with 

t of Iroa-Cored 3?iglr.Frequeney Trans- 

formers,” JEtorfrtciaw, lOlC, vol. 78, p. 382. 
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* toms and a secondary of 150 on a core 
of lO-mil stalloy sheets 3 cm^ cross-section and 10 cm 
mean diameter, a 0-003 fiF condenser across the 
second^ cansed an error of the order of 1 per cent, 
fn dealing with decrement due to the iron, the author 
refers this to the secondary circuit. The only loss in 
this circuit is the of the copper winding, since the 
s^ond^ magnetization is annulled by that due to 
the primary balancing current. It seems that the 
author s mode of viewing the matter is physically in- 
wrrect, in spite of its apparent mathematical orthodoxy, 
nrrois due to large resistance and inductance in the 
semndary circuit have been examined experimentally 
and analyticaUy in another paper.* My experience 
wtn current transformers has been confined chiefly to 
the measurement of fairly large currents, although some 
years ago I used them to obtain small voltages across 
an mductionless resistance in the secondary for purposes 
of meMurement. As this occurred prior to the popular 
a vent of valve amplifiers, the voltages were larger than 
those quoted by the author. I have recently, however, 
reverted to the method in measuring amplification. In 
he coiKtruction of current transformers there are several 
mterestmg practical points, some of which were cited in 
a recent article.t When a transformer has to cover a 
mde range of wave-lengths, it is imperative to design 
|he pnma^ and secondary windings to avoid excessive 
heatog at short wave-lengths. A transformer may be 
quite cool at 1 COO m, whereas at 600 m it may heat up 
^miderably due to loss in. the seconda^r arising 
resistance (the usual frequency effect), 
Md to rile proximity of the primary-especiaUy if the 

another—causing additional 

second^^t* happens, the primary and 

secondary turns must be decreased to aUowr a greater 

dJe^te primary and a less densi field 

AT.,! * P^ary, the turns of which should be well 

Stranded wire is useful in 
ducing heating due to this proximity effect. Then 

Stio wh*^® of relatively smaU transformation 

error has to be covered. Fbr smaU 

numbet ^ secondary must have a reasonable 

^ accommodating the 

s^ndary we should with a small ratio and a^^Iarge 
current have to use small wire to thread the 

Tto would increase the resistance of the primary 
cmt and probably cause local heating and redu^ 
Such ajfe conditions to be avoided 

Permeabihty, so that the inductance of 

to uS su^ently high without having 

TO use too many turns. Thus the factor JK cos /? in +hA 

S ST f reduced considerably, 

au^entect. The condition for minimum Ji/Z with 

an3®- core shall £ 

tTCuiax. An approximation can be obtained bv usintr 

SSL ^ ^ 

P , however, a square section win probably 


^et the reqmremente. In this country little or no 

nf *he commercial production 

Of thm,. pure iron or iron alloys of high resistivity. 
This IS possibly due to the lack of interest evinced fo 
won-cored radio apparatus here, and also to a mis- 
concepljon of the properties of iron at radio frequencies, 
ihe thmnest material procurable is 0-26-mm (10 mil) 
s^loy, whereas m Sweden 2-mil staUoy can be obtained. 
^ m Amen«i 1 • 6-mil pure iron. There are two points 

v£ m+r' ^ ^ overl^ked, 

vu (1) the space facte, and (2) the cost of manufacture. 

. e ^ a practical limit to the thinness of insulation 
between sheets, and this governs the space factor. Thick 
won sheets give a small value of inductance at radio fre- 
quencies, whereas extremely thin iron means a goodlv 
;Fopoi:rion of insulation, thereby yielding a Uke result 
thirl ^ happy medium or optimum 

^ te^h£ S^^en frequency. This result 

if conasely by mathematical analysis 

hysteresis loop and a constant per- 
thickness of the plate be 
^^ed. In practice, of course, these conditions are 

“ ®^ear that, thin iron- 
l^mg more expe^ve and more difficult to handle, the 
transformer will be more expensive, 

Mr. D. W. Dye (in reply); The points raised by Mr. 
Nm,^ow axe of great interest and I am glad of the 
opportumty to amplify and modify the statemente made- 
rr ef toe special and difficult 

Nancaixow works. The 
successful measurement of signal strength when voltages 




vol. 1C, pp; 278 and 81 bC 


Fig. D. 

so exce®dingly s^ as 0 ■ 2 are involved is a triumph 

even to a rough degree of accuracy; without a con¬ 
siderable amount of serious experimenting I should not 
to suggest any other methods than those Mr 

^®’^ Patoful experience,' 
found to pve consistent results. Whilst realizing that 
iL “"to easibr to make suggestions than to carry 

^ extension of 

®®®® “ ""^to stiff smaller vbltages 
^ mentioned are required would be to 
use two tra^formers in cascade. That is. instead of 
TOnnwtmg the resistance S of Fig. 3 directly to the 
toansformer s^ndary, let us interpose another trans- 

•in^w A "^4 ®^® toe primary 

^d s^ondary respectively of the second tranMonn^ 
then the equation for F, will be 

17 ^ jhrft-— 

t ^2 ♦ ■ tit 

One c^ th^ easily step down a further hundredfold- 
by makmg N^/N^ equal to, say, 1/100. 

Mr. Naricarrow refers to the measurement of currents 
as sm^ as 1 mA or less. It is precisely to avoid the 
necessity of usmg such small currents that the present 
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method has been evolved. I do not think that currents 
less than between 3 and 5 mA can be satisfactorily 
measured with portable apparatus by means of thermal 
heaters and vacuum junctions. Even for currents of 
this order it is necessary to use vacuum thermo-junction 
heaters of a type similar to those made by the Cambridge 
Instrument Co. These are chosen so that they may be 
calibrated with reversed direct current. In a good 
specimen the galvanometer deflections are not very 
different on reversal of the current through the heater. 
The calibration may then very conveniently be made 
in terms of a Weston miniature-type < milliammeter in 
series witli the heater. Such a calibrating arrangeinent 
would form a part of the set-up. The correction terms 
given for the case in which the resistance E is in a 
frame aerial or other receiving system include the 
effect produced on the system by the insertion of B in 
series in it. If this resistance forms a permanent part 
of the circuit and is included in the term /Sf, then, of 
course, the correction term will need to be modified. 

If iS is the total resistance including E, then instead 
of B in any of the equations given we shall write 
(1 — B/S) and no correction will be necessary on 
account of change of amplification of the receiving 
system. 

Mr. Ockenden has raised the question of the accuracy 
of the method described in the paper. I should, I think, 
assess «the overall accuracy at not better than 1 per 
cent, but I hesitate to commit myself to a definite 
figure. As far as the transformer itself is concerned, 

I think that an accuracy of knowledge of the small 
current to 1 per cent should be attained, if adequate 
shielding is provided to prevent parasitic currents from 
flowing through the resistance by reason of capacity. 

T that the core loss is of importance, even at the 

very small inductions at which the iron is worked. 
The permeability tends to a constant value, and the 
power factor of the iron may also tend to a constant 
value since the eddy currents are more and more pre¬ 
dominant over the hysteresis losses as the flux density 
is • reduced. The method of using an intermediate 
current transformer for the purpose of eliminating the 
■parasitic currents appears to be very good. As a result 
of Mr. Ockenden’s remarks I suggested the use of an 
intermediate transformer as a suitable means of obtain¬ 
ing still smaller voltages such as have been used by 
Mr. Nancarrow. The scheme outlined in Fig. B has 
much to recommend it, but for voltages of less than 1 [lY 
it would be necessary to insert the current-measuring 
device in the primary of the first transformer, which 
would also need to be of a design capable of giving a 
constant ratio. 

With reference to the apparent error between Equa¬ 
tions (11) and (12) to which Dr. McLachlan has referred, 
I am afraid that the way in which I have arranged 
these equations is naisleading. The results obtained 
depend upon the place in the development of the 
equations at which the approximations are made. 
Intermediate stages were left out between Equations (11) 
and (12) and it is evident that an apparent inconsistency 
can be demonstrated, whereas in reality both Equa¬ 
tions (12) and (13) are correct. I have set out here my 
reasoning in a slightly different manner from that which 


I originally used, 
have. 


Taking, first, Equation (11), we 
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/ + L^afi\ 
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For the case considered, and from the point of view of 
corrections which are not very large, we may assume 
that the coefficient of coupling between the. circuit 
and the primary is equal to that between the NS circuit 
and the secondary. The coefficient of coupling between 
the primary and secondary may also -be considered to 
be unity. Introducing suffixes to discriminate, for the 
moment, between the'primary and secondary we shall 
have 

LjL2 = ~ 

From these we derive that 

and m^mJM = m^L 

Equation (a) above, may therefore be written 
jI [No) — 




The right-hand side of (6) 


Let No) — wi|a>/Ir = X. 
becomes 
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2R8^ + 


JSW 


which reduces to 


B^ 1 


2B8fNo} - X\ 


^ 8^+ ) 





(4) 


Now Nft) - X = mla>IL ; also, for the case under con¬ 
sideration, the coefficient of coupling between the 
tertiary circuit and the secondary circuit may be con¬ 
sidered to be small. As far as corrections are concerned, 
therefore, we may consider 8^ + as equal to 

/S® -t- NW. This gives for (d) the expression 

1 


or 




JB2 

1^ 


_A_1 




exactly as given in the paper in Equation (13). 

The deductions regarding the conservation of energy 
are of course without meaning, when obtained by 
consideration of the small differences arising betw^n 
methods of approximation. The final equation, (20), 
is therefore not in error in respect of the equations 
discussed above. With regard to the constant l/w in 
the last term of Equation (20), I regret to find iffiat 
I Tnq.^ft an error in deducing this and that in the 
advance copies of the paper it was .incorrect^ given 
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25 7r/4. I am indebted to Dr. McLachJan for pointing 
this out. The error was really in Equation (15), All 
the quantities were intended to be root-mean-square 
values, and the constant (4- in the advance copies) 
in that equation should therefore have been Stt. Since 
the square of enters into the development of the 
quantity given in the advance copies as 7rSt/4 in 
Equation (20), this latter should therefore be multiplied 
by 4/7?^, giving the quantity S^/tt as stated by Dr. 
McLachlan. This error, whilst regrettable, was only 
in a constant and does not in any way invalidate the 
theory. 

I am afraid that I must agree to ditfer from Dr. 
McLachlan as to the standpoint from which the losses 
are viewed. I consider that th# representation of the 
magnetic losses by means of an equivalent tertiary 
circuit is more fundamental than consideration of them 
as an increased primary resistance or current. The iron 
losses do dehnitely occur in a distributed manner 
tooughout a conductor which is undoubtedly a tertiary 
circuit, though of a distributed kind. In the theory 
presented, this circuit is considered to be concentrated 
and the losses are attributed to it. The losses must, 
of course, be discussed in relation to the secondary circuit. | 


Apropos of this, however, it would, if otherwise desirable 
be just as consistent to consider the effect of the losses 
from the standpoint of a reduced secondary current as 
from the more usual standpoint of an increased primary 
current. My object in introducing tliis theory of the 
current transformer was to avoid the necessity of 
reference to vector diagrams. I am, of course, on 
controversial ground, but, in common with many others 
whose opinion I have consulted, I think that, except 
for quite simple cases, the analytical methods are far 
more powerful than vectorial ones and enable us to 
follow in a clear manner the effect of each quantity 
involved upon the whole. What is needed is, I tliink, 
a careful investigation of the change of ratio of trans- 
j formers when under their normal working conditions 
m which the flux is extraordinarily small. In my own 
experiments I have found that the power factor of the 
iron continually diminishes as the flux density is reduced, 
and does not show a very definite trend to a constant 
value at vanishingly small values of E. These experi- 
I ments are very difficult and I feel that we are working 
m the dark, especially when dealing with very thin 
materials such as the limil stalloy to which I have 
referred. 
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DISCUSSION ON 


“THE PULLING INTO STEP OF A SYNCHRONOUS INDUCTION MOTOR.”* 


Mr. L. H. A. Carr (commumcaUd) : The author 
criticizes the equation of motion of the rotor of a 
synchronous induction motor f 


pTm + Tm sin d + 




po} 


dt p dt^ 


= 0 


on tlie grounds that it does not take into account any 
of the following facts :— 

(1) Armature resistance and reactance; 

(2) Low-frequency alternating currents in the exciting 

winding at speeds other than synclironism.; 

(3) Armature reaction. 

To appreciate fully the meaning of the above equation 
it is necessary to go back to first principles. Any 
winding when connected to an alternating source of 
supply will allow to flow in it just sufficient current to 
produce a flux which, in turn, produces an E.M.F. in 
the winding of just the right amount to balance the 
suppiy E.M.F. (except for the necessary difference to 
cause that current to overcome the resistance drop). 
Let the armature winding of a synchronous induction 
motor be considered and, for simplicity, let the armature 
resistance and leakage reactance be neglected, so that 
the internal E.M.F. equals the line E.M.F. at all times. 
Then at all times the flux will be just sufficient to 
produce a back E.M.F. equal and opposite to the line 
E.M.F. When run synchronously, with field excited, 
the armature will draw from the line only the current 
corresponding to the difference (either positive or 
negative) between the M.M.F. produced by the field 
and the M.M.F. required to produce the necessary flux. 
If load is put on the machine, within its limits, the 
current drawn from the line will also include a component 
in phase with the E.M.F., thus supplying the necessary 
power. The whole armature current, however, exerts 
a magnetizing (or demagnetizing) efiec?t, and the current 
must take up such a phase angle that while the in-phase 
component yields the necessary power, the vector sum 
of the field ampere-turns and the armature ampere-turns 
(the latter bwg the armature reaction *') gives the 
required constant value of M.M.F. corresponding to full 
flux. This is illustrated in Fig. A, where OA represents 
the flux-producing amp^e-tums (F.P.A.T.) and OB the 
field ampere-tums (F.A.T.). 

AB must necessarily represent to scale the armature 
reaction (A.R.). The circle BCD is the locus of the 
point B, while d #ves the angle of lag of the centre of 
the exciting winding behind the centre of the magnetic 
flux. This diagram can be coupled to a diagram repre¬ 
senting the conditions in the electrical circuit, shown 
in Fig. B. Here PE, parallel to OA, represents the 
induced E.M.F., the line E.M.F. being PE' equal and 

♦ 'Paper by Mr. H. Cotton (see page 211). 

t See L. H. A. Carr : ** The Pulling into Step oT an Induction-Type Syn¬ 
chronous Motor,** Journal 1928, vol. 61, p. 692. 


opposite to PE.{ The relation between fhe current I 
in Fig. B and "the arma'ture reaction in Fig. A can be 
determined by reference to Fig. C, which, for simplicity, 
is drawn for a generator at uni-ty power factor, so that 
the same arrow-heads and tails represent both JS and I. 
Commencing with the wave of flux (and flux-producing 
ampere-tums), the induced E.M.F. and currents can be 
drawn, the arrow, JS and J, in line with the centre of 
the flux wave representing the position on the armature 
where the induced E.M.F. and also the current reach 
their maximum. The curve A.R. 'then represents the 
magnetic effect of the current J, while F.A.T. represents 
the total ampere-tums that have to be supplied to the 
field. It is seen from the diagram that I leads the 
armature reaction by 90®, and it is so drawn in Fig. B. 
P.eferring again to Fig. A, it is seen that the line 
OG = AB cos (f>. Since AB is proportional to I, OG is 



proportional to 1 cos <f>, that is to say, OG is proportional 
to power and, since the machine is synchronous, to 
torque also. But OG = OB sin That is to say, the 
torque is proportional to sin 0, In other words the 
term sin ^ in the fundamental equation not only 
allows for armature reaction, but its very existence in 
that form depends on the fact of armature reaction. 

It also follows from Fig. A that the maximum syn- 
chronous torque occurs^ when B has moved to the 
point C. Here the armature reaction of the in-phase 
component of current = OC. That is to say, the in- 
phase component of current equals the armature current 
that flows on short-circuit with that particular excita¬ 
tion. This fact enables the maximum power and hence 
Tfn to be easilj^* calculated. 

If the machine does not move exactly at synchronous 
speed, slip-frequency currents are induced in the exciting 


1 In this and the succeeding vector diagp^ms, the convention is adopted 
that “ the sum of the voltages in a circuit is zero ’*; consequently an im- 
ae'dance drop is represented by - I{fwhile an E.M.F. ^Spresenting a 
Sotoring action or absoiption of electrical power is in the conti^ sense to 
r cos 9. 
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winding. To balance these (so that the flux and conse¬ 
quently the E.M.F. remain the same) equal and opposite 
currents will be drawn from the line by the armature. 
The currents produce the ** induction motor torque '' 


and the term 


^pct) (U 


represents their action. Consequently the fundamental 
equation covers this condition also, so that two of the* 


immaterial whether the short-circuit excitation is 
assumed to be entirely absorbed by armature reaction, 
or partly by armature reaction and partly by the pro¬ 
duction of volts lost in impedance, if the test short- 
circuit curve is used as a basis to calculate Since 
reactance causes 6 to be smaller for a given torque, 
the curve of torque against lag of rotor is displaced in 
a forward direction with reference to a sine wave. 
This is illustrated in Fig. E, where the sine wave 264 sin *^ 
is compared with the wavp-form obtained with a motor 


J^axidl 



£a.ndl 


4 


A.R. 



Fig. C, 


author*s criticisms are unfounded and his " corrections '' 
based on these criticisms are not only unnecessary but 
are actually wrong. 

With reference to armature resistance and leakage 
reactance, it is admitted that these are not included in 
the equation. Fig. D is drawn to show the effect of 
these quantities, and combines both E.M.F, and ampere- 
turn diagrams, the scales being so chosen that the same 



length of line represents both the internal E.M.F. and 
the flux-producing ampere-turi^ on which it is dependent. 
It is seen that the principal effect of r is to reduce the 
useful length of the terminal E.M.F., so that the 
maximum torque is reduced in the same proportion. 
The presence of r also slightly modifies the angle 6 for 
any given load. The only effect of x is to reduce the 
angle 9 corresponding to any given torque. The 
maxmuna value of I cos <f> is,. as before, the short- 
circuit, value of for . the given excitation, and it is 


having so much leakage reactance that the maximum, 
torque occurs at 6 = 77®, the resistance being neglected. 
It is seen that, the machine slips away from = 0, 
the torque is actually greater than in the sinusoidal 
case, and cqnsequently the motor will synchronize 
against more torque, rather than less, and consequently 



due to resistance, and may even overcome it. 

Applying the above reasoning to the motor used* in 
the anther's experiments, since 10 amperes excitation 
gives 3 amperes short-circuit current, corresponds 
to an electrical power of 

VS X 246 X 3 = 1 270 watts. 

This is equivalent to 1*70 h.p.,, which corresponds to 
a torque Of 6 - 96 Ib.-ft. or 264 oz. at 4^ in. radius, which 
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almost exactly agrees with the 258 oz. determined 
experimentally by the author (see page 216). An 
attempt was made to reproduce Fig. 4 in the paper by 
calculation, using the author’s value for x the leakage 
reactance per phase, but the resulting curve was found 
to rise much more sharply than the test curve. The 
value of X was therefore examined critically, and con¬ 
sideration shows that the author’s value of 40*5 ohms 
per phase is far too high. The machine is stated to be 
a 2-h.p. 246-volt three-phase induction motor. If the 
efficiency is> say, 84 per cent and the power factor 0 • 82, 
the full-load current is 6*1 amperes. Yet a reactance 
of 40*5 ohms per leg, as given by the autlior, would 
only allow a maximum current of 245/(V3 X 40*6) or 
amperes to flow on short-circuit as an induction 
motor, apart entirely from any extra reactance due to 
the rotor. It would therefore appear that the con¬ 
struction shown in Fig.- 6 has broken down for some 
reason, possibly high rotor-tooth saturation. The 
points plotted in Fig. 4 (page 214) appear to indicate 
that 9 at pull-out is of the order of 77®, and the author’s 
experimentally determined points are plotted in big. E 
above to show the coincidence with the calculated 
curve. Even this curve, however, corresponds to a 
leakage reactance of 9*6 ohms, which is high for a 
motor of the size in question. To assist in settling 
this point, it would be of value if the author could 
give “Hie calculated armature-reaction figure for the 
machine. 

The direct current necessary to balance the poi 3 q>hase 
current depends in a cylindrical rotor on whether the 
direct current splits up in the three phases in the ratio 
1, or in the ratio 1, 1, 0. In the former case the 
exciting amperes to compensate for armature reaction 

• 2*828 X A.C. amperes X Conductors per pole per phase 
Rotor conductors per pole in series 

In the latter case the constant is 0*860 X 2*8284 In 
either case the number of rotor conductors per pole in 
series is twice the conductors per pole per phase for a 
three-phase rotor. Subtracting the resultant figure 
from the corresponding short-circuit test excitation, the 
difference would give the excitation corresponding to 
the internal voltage Ix, from which x cofild be calculated. 
Owing to the difference between the two quantities 
considered being relatively small, the method is, un¬ 
fortunately, not very exact. 

On page 222 the author suggests-that the true criterion 
of synchronizing power should be the minimum exciter 
capacity and not the slip. In ah equation containing 
several interdependent quantities (which can, never¬ 
theless, be varied within limits by the designer) any 
6ne may be chosen as a criterion if desired, but as the 
full-load excitation is detemained by the (synchronous) 
overload capacity of the machine, it seems wrong to 
use a variation of this as the criterion of synchronizing 
power. Although when the macliine is built and 
installed slip is dependent on load, in the design stage 
that is not so, and, if necessary, the slip can be de¬ 
creased by increasing the quantity of copper in the 
exciting winding without seriously affecting the other 
quantities in the equation. Further, "a margin in slip 


must be allowed for the increase in slip due to the 
resistance of the leads to the starter and switchgear. 
The criterion of maximum slip for the required load 
then appears to be the most suitable practical basis. 
Again, since it is found in practice that machines axe 
frequently. started up by unskilled operators, it is 
necessary, as a commercial proposition, to ensure that 
the machines shall always synchronize immediately, 
that is to say, that they must be capable of synchronizing 
on the first swing, even if the excitation is switched.on 
at the worst possible position. Consequently this worst 
position of switching must be used in determining 
capacity of the machine to meet the specified require¬ 
ments.. ... 

On pages 223 and 224 the author discusses the agree¬ 
ment betvv^een his practical results and his theoretical 
investigations. Unfortunately these results cannot be 
compared with the true theoretical equations, since the 
author’s data are conflicting; for example, on page 214 
it is stated that 1 = 4*32, while on page 223 I is said 
to be 0*136, the same units being apparently used in 
the two cases. It must be considered, therefore, in 
view of the foregoing considerations, that the author 
has failed to prove either theoretically or practically 
his conclusion (page 224) that “ the conditions of 
operation of a synclironized induction motor during 
the process of pulling into synchronism are much more 
severe than they are generally taken to be.” 

Mr. H. Cotton {in reply) : I am very glad that 
Mr. Carr has contributed to the discussion on my paper, 
because even when the discussion is mainly critical, as 
in the present case, it adds to the value and interest 
of the original paper. The most important part of Mr. 
Carr’s criticism is his denial that the armature reaction 
produces a double-frequency component in the torque 
created by the motor. To support this he assumes the 
simplest possible case ” so ihat the int^nal E.M.F. 
equals the line E.M.F. at all times.” Now the internal 
E.M.F. (referred to as the back E.M.F. in my paper) 
is, for a given motor, a function of tlie speed and the 
flux pOT pole, including armature reaction. The speed 
of a s 3 mchronous motor is constant; and, even when 
it is slipping, the variation in speed is not considerable, 
so that in the present investigation the back E.M.F. 
can be assumed to depend on the total flux per polo, 
and on this only. Hence if tlie excitation is varied,, 
or if the flux per pole changes because of variations in 
magnitude of the armature reaction, the back E.M.F. 
will vary, and the supposition that it is always equal 
to the line E.M.F. is impossible. Consider now 
vector diagram of the motor and assume for simplicity 
that the armature has zero resistance and. that there 
are no losses, so that the output is equal to the intake. 
Then since the speed .is constant the motor torque is 
proportional to the intake. In Fig. F, the length OA 
represents the Ime E.M.F. per phase, and AB the back 
E.M.F. per phase. Then OB is the resultant E.M.!., 
and since we are assuming zero armature r^istance the 
current wiU lag 90® behind OB, , being represented in 
phase by the direction of 01, and in magnitude by the 
length of OB. Now OB makes an angle ^ with the 
axis OY equal to the external phase angle, and there¬ 
fore OB represents, with respect to OY, the current in. 
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magnitude axid phase. Now torque per phase «intake 
per phase <* El cos <f> <x I cos ^ « AM, where AM is the 
projection of AB on to the vertical OZ. The angle 6 
in the dynamical equation of motion is the angle in¬ 
cluded between OA and AB; and, as d varies, the 
vector AB must rotate about the point A. But the 
torque of the motor is given by the projection of this 
vector on to the vertical AZ, and therefore if the torque 
is to be a pure sinusoidal function of 6, as stated by 
Mr. CatT, the locus of B must be a circle and therefore 
the length AB must remain constant. If this is to be 
the case, ihen either the armature reaction must be 
zaro, which is absurd, or it must be of constant magnitude 
and independent of either the magnitude or phase of 
the current, which is equally absurd. Since the armatine 
reaction varies in magnitude, the increment or decre¬ 
ment of the induced voltage due to it must be variable, 
and therefore the locus of B is not a circle. Tliftrefore 
the torque, when expressed as a function of 0, is not 
^ pnre sinusoidal function, the departure from this 



form bemg proved m the original paper to be represented 
by the addition of a sin 20 term. The solution* is not 
pr^ented ^ being complete from the point of view of 
taking all factors into account; it deals only with the 
most mportant cause of the departure from the pure 
smusoidal form, namely, the direct component of the 
armature reaction. 

I now come to the numerical data derived from the 
tMt c^d out on the 2-h.p. induction motor. Mr. 
Carr states that it would be of value if I could give the 
calculated armature-reaction figure for the It 

woidd. but unfortunately I have no design data of any 
V it goes without saying that I 

should have made a predetermination of the operation 

It is quite possible 
^t ae value of 40- 6 otos for the leakage r^ctance 
pex phase is on the high side. The experimental deter- 
immtion of this quantity can be satisfactorily carried 
out on a large machine, but it is quite another matter 
m such a small one, especially when an abnormally 
large armature reaction has to be allowed for . It wm 
nectary however, to take the experimentally deter- 
^ue, smce there was no other method of arriving 
at the figure. Ttie results given in Jhe tables 


anal 3 ^i 8 indicated by Fig. 6 were the result of carefully 
made experiments and therefore had to be taVAn it 
is to be expected that, with this type of motor, tests 
made under abnormal conditions, e.g. open circuit and 
short-circuit, and operation on wattless current, should 
give a result somewhat different from the figure for 
operation under normal conditions. This is stated quite 
frankly on page 217 of the original paper: it would 
have been remarkable if there had been a close agree¬ 
ment between the calculated and observed behaviour 
in such a case. This does not, however, alter the 
general form of the torque curve as given in Fig. 7. 
The resultant curve does rise more steeply a pnre 
sine wave, but whereas the difference between the full¬ 
line and dotted cxurves is only small between 0 = 0 and 
0 = 180, it is very considerable between 0 = 180° and 
0 — 360°. Therefore, if the motor succeeds in pulling 
into step before the first unstable position is reached, 
the effect of armature reaction will be very gmaii 
if it passes this position the large negative torque will 
produce an increase in slip velocity much greater than 
would be the case if armature reaction were non-existent. 
Hence the conditions for pulling into step are more 
severe than generally supposed when the motor, does 
not pull in between zero and the first unstable position. 
Surely it was unnecessary to make this qualification in 
the original paper, because the curves of Fig., 13, which 
were determined to illustrate this point, were all drawn 
for a complete revolution of slip. With regard to the 
unit for the moment of inertia I, the experimental 
determination gave 4-32 Ib.-ft. units. WTien using a 
dynamical equation of motion it is necessary to use 
the quantity 1/g, which is of course 4-32/32, or 0-136, 
this latter value being used in the equation on page 223! 

The final criticism deals with the method of calcu¬ 
lating the exciter capacity necessary to enable the 
motor to pull into step imder certain definitely specified 
conditions. Mir. Carr’s objection to the equation 
developed is obviously the result of his preference for 
his own method of calculation, as developed in his 
second paper (Journal J.E.E., 1924, vol. 61, p. 696), 
which method I criticized on pages 223 and 224 of my 
paper. The conditions in my method of calmlgtinn 
are that the direct-current excitation is switched on at 
angular position 0 = 0, and that the slip velocity 
just comes to zero at the position of unstable equilibrium. 
Tto method gives the minimum exciter capacity which 
will enable the motor to pull into step undm' the most 
favourable conditions. It is therefore a ffefiuit A piece 
of i^ormation. It is perfectly true that the motor may 
be left to the tender merde? of unskilled attendants, 
and aJsq that the exdter has another function to per- 
form after the motor has pulled into step, namely, to 
supply the necessary exdtation to give the required 
pull-out torque and the requisite power factor on stated 
load. Surely, however, it is very unscientific to try to 
mteoduce disturbing factors of this kind into a calcu¬ 
lation which has no reference to them., As the tjtlo of 
the paper suggests, tte whole of the investigation deals 
with -toe phenomena of pulling into step, and not with 
anjrthmg that may take place afterwards. It is quite 
true that some increase of the exciter capacity as 
calculated by my method yrould have to be made,. 
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even for the motor to synchronize in the first swing 
when operated by unskilled attendants, but the calcu¬ 
lation has to be made before the factor of safety can 
be applied. Mow consider Mr. Carr*s method of making 
the calculation. He states in his criticism that the 
motor must synchronize in the first swing, that is, it 
must not go past the position of unstable equilibrium. 
Hence, after excitation, the velocity must decrease from 
the ordinary induction motor slip at 0 =« 0® to zero at 
the unstable position. Instead, however, of taking the 
proper value of the slip, he uses a value which is derived 
from a purely mathematical conception of the problem, 


which may have no existence in practice at all. It 
gives, in fact, the worst possible conditions that can 
exist from the point of view of synchronizing, so that 
his method and mine give the two extremes between 
which the exciter capacity must lie, this capacity 
referring only to the pulling into step of the motor and 
not to its subsequent operation at synchronous speed. 
In conclusion, therefore, it will be seen that with the 
exception of the figure for the leakage reactance, an 
error in which was unavoidable under the circum¬ 
stances, Mr. Carr's somewhat extensive criticism is not 
justified. 
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.Oouncirs Nominations for Election to the Council. 

The following have been nominated by the Council 
for the vacancies which will occur in the offices of 
President, Vice-Presidents, Honorary Treasurer, and 
Ordihary Members of Council on the 30th September, 
1925 

©reeibent. {One Vacancy,) 

R. A. Chattock. 

lD(ce-pccstbent0* {Two Vacancies,) 

Lieut.-Col. K. Edgeumbe, Prof. W. M. Thornton, 
R.E. (T.A.). O.B.E., D.Sc. 

Ponotat^ ffreaaurec* {One Vacancy.) 

P. D. Tuckett. 

Prbinace Aembers of CounciU 

Members. {Fouf Vacancies.) 

Prof. C. L. Fortescue, R. W. Paul. 

O.B.E., M.A. S. J. Watson. 

H. Marryat, 

Associate Members. {Three Vacancies.) 

R. Grierson. Major E. O. Henrici, R»E. 

J. W. T. Walsh, M.A., M.Sc. 

Associate. {One Vacancy.) 

E. Leete. 

Premiums. 

The Council have awarded the following Premiums 
for papers:— 

The Institution Premium {value £26). 

H. W. Clothier. Design of Electrical Plant, 

Control Gear and Conneo- 
tions for Protection against 
Shock, Fjre and Faults." 


The Ayrton Premium {yalue £10). 

Major E. I. David. ** Electricity in Mines." 

The Fahie Premium {value £10). 

Col. T. F. PuRVES, "The Post Office and Auto- 
O.B.E. matic Telephones." 

The John Hophinson Premium {value £10). 

G. Rogers. " Automatic and Semi-Auto¬ 

matic Mercury-Vapour Rec¬ 
tifier Substations." 

The Kelvin Premium iyalue £10). 

K. G. Maxwell and " Recent Improvements in the 
A. Monkhouse, Insulation of Electrical 

, Machinery." 

The Paris Premium iyalue £10). 

D. Murray. Speeding up the Telegraphs: 

A Forecast of the New 
Telegraphy." 

A Premium {value £10). 

J. D. Cockcroft, R. T. " An Electric Harmonic Ana- 
CoE, J. A, Tyacke lyser," 
and Prof. Miles 
Walker, D.Sc. 

A Premium {value £5). 

S. Holmes. " A Vector Treatment of Long 

Transmission Lines." 

Wireless Section Premiums. 

The Duddell Premium {value £20). 

ISIajor A. G. Lee, M.C., " The Leafield Coupled Arc." 
B.Sc.,andA. J.Gill, 

B.Sc. 
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A Premium (palue £20). 
€apt. H. J. Round, 
M.C., T. L. EckerSt 
LEY, K. TrEMELLEN, 
and F. C. Lunnon. 


“ Report on Measurements made 
on Signal Strength at Great 
Distances during 1922 and 
1923 by an Expedition sent 
to Australia.'" 


A Premium [value £10). 
.Prof. E. Mallett,M.Sc., 
and A. D, Blumlein, 
B.Sc. 

A Premium [value £5). 
D. C. PococK, B.Sc. 


' A New Method of High-Fre¬ 
quency Resist^ce Measure¬ 
ment." 


in 


" Faithful Reproduction 
Radio-Telephony.'' 

The Pr^ums for papers read before the Students' 
Sections will be announced later. 

Associate Membership Examination Results, 
April, 1926. 


Akehurst, A. G, (Southsea) # 
Bamber,.L. J...(Horwich). 
Beynon, J. H. (Swansea). 
Birtwistle, F. (Brom- 
borough). 

‘'Blaquiere, H. A. (Leeds). 
Carson,W. N. (Sunderland) . 
Carter, A. (London). 

Cash, H. H. (Bradford). 
Causon, G. S. (Margate). 
Cotsell, G. W. (Edinburgh). 
Davies, C.M. (London). 
Fenton-Jones, H. (Folke¬ 
stone). 

Gilbert, J. E. (Birming¬ 
ham). 

Goodall, L. {Stoke-on- 
Trent). 

Hall, W. (Greenock). 
Hegazy, H. M. (Wembley). 

P- B. (Manchester). 
Hutchins, P. P. p. (Berk- 
hamsted). 

Jackson, F. S. (HaUfax). 

Wilson, P. M. 


Passed. 


Jacobi, E. (London). 

Jones,. L, N. (Wolver¬ 
hampton). 

Lay, F. A. (Stockton-on- 
.. Tees), 

McCartney, H. (Fenton). 
McKinlay, A. (Southamp¬ 
ton). 

Moore, R. E. (Doncaster). 
Overington, L; E. (Ilkley). 
Pegg, R. N. (London). 
Pizzey, J. H. (Portsmouth). 
Prockter, C. E. (Norwich). 
Robson, O. L. (London). 
Rowbottom, J. R, (Black¬ 
pool). 

Taylor, H. L. (Rugby). 
Turner, V. R. (London). 

• Verano, E. A. A. (South- 
■ sea). 

Wales, W. A. (London)! 
Whitehurst, J. T. (Lon¬ 
don). 

Wicks, P. (Enfield). 
(Edinburgh). 


Passed Part I only. ' 

Fletcher, C. B. H. (Llanishen). 
Hazel, H. (London). 

Staygle, E. G. (Worthing), 

Passed Part II only. 

J-H. 


International Conference on Large Electric 
Supply Systems. 

The Proceedings of the Second Conference, held in 
1923, have now been published The volume is entirely 
in French and comprises 1 200 pages and 400 illustra¬ 
tions. It contains the 50 papers presented at the 
Conference and full reports of the discussions. The 
papers cover the practice of 20 different countries in 
regard to the generation and distribution of electrical 
energy, and especially porcelain insulators, towers for 
overhead lines, operation of large transmission lines, 
outdoor substations, oil circuit-breakers, manufacture 
and use of high-tension cables, interconnection of net¬ 
works, earthing the neutral, protection against surges, 
etc. 

Copies can be obtained from the Secretary of the 
Conference, 25, Boulevard Maleslierbes, Paii.s, at the 
price of frs. 120 per copy. 

The Third Conference is being held at Paris from the 
16th to the 25th of this month (June). 

International Commission on Illumination. 

The Report for the year 1924 of the National Illumina¬ 
tion Committee of Great Britain states that tlie follo%ving 
decisions were agreed upon at the meeting of the 
above Commission held at Geneva in July 1924 (see 
Journal 1925, vol. 63, page 66) 

(1) The International Commission recommended for 
international adoption as the primary standard of 
light *^e brightness of a black body operated under 
conditions subject “to accurate specification, and further 
recommended that t}ie National Laboratories be asked 
to take steps— 

[a) To formulate standard specifications for the 
construction and operation of the black body 
as a primary standard of light; 

[b) To fix upon .a definite figure for the brightness 
as a function of the temperature, of such body 
expressed in international candles per sciuare 
centimetre. 

was appointed to draw np a 
vocabulary deahtig with Illumination. ^ 

provisionally recommended 
certain values for the visibility factor. 

Sub-cqmmttee on heterochromatic photo- 
include in its work the* study of the 
properties of absorbent screens. •' 

coSime^!’'*'°“^‘*-® appointed for the study of 

foUowng definitions were adopted 
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. corresponding reflection factor is called the factor of 
specular xeflection. The flux.diffused, Le. .that sent 
out in directions other, than that of specular xeflec¬ 
tion, gives the. diffuse, reflection factor. .The total 
• reflection factor, is obtained by considering ihe whole 
of the flux reflected by the body. 

{d) The Total flux of a source is the flux.en^itted by 
that source, in all directions: .... 

(e) The Upper Jiemispherical .flux oi a source is the 
flux emitted, by that source above the horizontal plane 
passing through its. centre. 

(/) The Lower hemispherical flux of a source, is the 
flux emitted by that source below the horizontal plane 
passing through its centre. . . 

(g) The Mean spherical intensity of a source is the 

average value of. the intensity of that .source, in all 
directions in space,. . . 

(h) The Mean upper hemispherical intensity of a source 

is the average value of the intensity of that source in all 
directions above the horizontal plane passing through 
•its centre. . .... 

(i) The Msan lower hemispherical intensity of a, source 
is the average value of the intensity of that source in all 
directions below the horizontal plane passing through 
its centre. 

(j) The Mean horizontal intensity of a source is the 
averajfe value of the intensity of that source in all 
directions in the horizontal plane passing through its 
centre. 

(^) The Reduction factor of the mean spherical intensity 
of a source is the ratio of the mean spherical intensity 
to the mean horizontal intensity. 

(/) The Efficiency of a source is the ratio of the total 
luminous flux emitted to the total power consumed. 
In the case of an electric lamp it is expressed in lumens 
per watt. In the case of a source depending upon com¬ 
bustion it may be expressed in lumens per thermal 
unit per unit of time. 

(m) The Visibility factor for monochromatic radiation 
is the ratio of the luminous flux to the corresponding 
energy flux. 

The relative visibility factor of a monochromatic 
radiation is the ratio of the visibility factor of that 
radiation to the maximum value of the visibility 
factor. 

(n) Brightness. The brightness in a given direction 
of a surface emitting light is the quotient of the luminous 
intensity measured in that direction by the area of this 
surface projected on a plane perpendicular to the direc¬ 
tion considered. The unit of brightness is the candle 
per unit area of surface. 

Note. —^The above definitions are translated from the 
official French text. The official English translation 
will be published later, 

(7) The following symbols were adopted :— 


Luminous Flux 

F 

Transmission Ratios 

T 

Candle Power 

I 

Absorption Ratios 

a 

Illumination 

F 

Reflection Ratios 

9 

Brightness, 

B 

Visibility Factor 

K 


. (8) It w'as decided that at the next session a meeting 
should be devoted.to papers and discussion on the art 
of illumination and the furtherance of good lighting. 

(9) It was decided that questions relating to street 
lighting should be. considered at the next session and 
the National Committees were asked to • study the 
subject and. to transmit-their, communications to the 
Central Office at the earliest date possible. 

. (10) The report .submitted by the Chairman of the 
Advisory Committee on. the lighting of .factories and 
school buildings was recommended as a. basis, for regula¬ 
tions or recommendations on the lighting of. factories 
and school buildings. 

(11) The National Committees were asked to study the 
question ot glare from motor-car headlights and to send 
their communications to the Central Office in ample 
time for the-next session.. . • 

The following committees have been appointed • by 
the' International. Commission, the representatives of 
Great Britain thereon being shown in.brackets :— 

Heterochromatic^ Photometry and Colour Screens (Ur. 
E. H. Rayner). ... • ^ 

Definitions and Symbols —(Mr. J. W.-T. Walsh). 

Lighting of Factories and Schools —(Mr. E. Gaster). 

Motor-car HeadUghts--(ljt.-Co\. K. Edgcumbe). 

Colorimetry —(Mr. T. Smith). 

It was decided to reduce the annual contribution pay¬ 
able by each country in view of the probable increase in 
the number of constituent countries. Great Britain will 
now pay about £77 per annum instead of £113 10s. 

A Sectional Committee on Illumination has been 
formed by the British Engineering Standards Association. 
The British National Committee forms the nucleus of this 
Committee, which also includes 12 representatives of 
Government Departments, manufacturers' Associations 
and technical Institutions. Five Sub-committees dealing 
respectively with Photometers, Nomenclature and 
Symbols, Illumination Glassware, Fittings and Street 
Lighting haye been set up and have held a number of 
meetings. 


The Benevolent Fund. 

The following is a list of the Donations and 
Subscriptions received during the period 26 
26 May, 1926 

Andrew, T. S. (Hebbum-on-Tyne) 

Arman, A. N. (Bromley) 

^ Badham, L. H. L. (Rugby) .. 

Bennett, H. P. (Birmingham) 

Bennett, T. C. (Wakefield) 

Birmingham and Midland Electrical Engi 
neers' Ball Committee 
Boldy, T. D. (Rangoon) 

Broughall, J. A. (London) 

Burrell, F. M. (London) 

Bursill, A. (London) .. 

Carter, F. W. (Rugby) 

Clark, L. J. (Rugby) .. 

Clifford, A. (Nottingham) .. 

Coates, W. A. (Wellington, N.Z.) 

“ Conscience Money " .. 

* Annual Subscriptions 


Annual 

April- 


£ 

s. 

d. 


10 

0 


3 

6 


6 

0* 


6 

0^ 


16 

0 

26 

5 

0 


16 

0 


6 

0 

1 

0 

0 


5 

0 


10 

0 


6 

0 


6 

0^ 

1 

0 

0* 


^18 

6 
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Dawson, A. E, (Sheffield) 

Donaldson, J. M. (London) .. 
Downie, C. E. (AUoa) ,. 

EHord, A. H. S. (Sutton Coldfield) ! .* 
Ellis, H. S, (Gloucester) 

Eynon, W. (London) .. ... ] [ 

Ezard, G, (Leicester) .. 

Fox, H. C. (Sutton Coldfield) 

Frazer, W. A. (Belfast) 

Gilliver, S. F. J. (Sale Moor) .. 

Grey, W. J. (Shanghai) 

Hailey, G. (Hong-Kong) 

Harrison, A. J. (London) 

Hayton, T. B. (Lancaster) ,. 
Highfield, J. S. (London) 

Higson, W. (Valparaiso) , * 
Hobson, E. S. (Loughborough) !! 
Hunt, T. C. (Broxboume) 

Hutchinson, A. P. (Carshalton) 

Jones, C. H. (Colombo) 

Keeley, D. (Maidstone) 

Lancaster, W. B. .(Birmingham) 

♦ Annual Subscriptions. 
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10 

6* 


Lang, W. (London) 

Main, F. W. (London) 

Mason, D. M. (London) 

Mather, J. (Stockton-on-Tees) 

Morgan, J. B. (Horsham) 

Newbum, E. A. (Rochdale) .. 

Newton, C. E. (London) 

Nicolson, A. M. (Jersey City, U.S.A.) 
Richardson, W; P. (Birmingham) 
Rushton, A. (London) 

Schofield, H. R. (Manchester) 

Silver, H. C. (New Malden) ,. 

Sparks, C. P. (Surbiton) 

Spary, P. G. (Southampton) .. 

Steel, H. G. (Ilkeston) 

Street, R. W. (Stafford) 

Walmsley,. T. (Southport) 

Whitehom, H. K. (Maidstone) 

Willis, A. H. (Coventry) 

Wilmot, A. C. (Egham) 

Wolland, G. W. L. (Norwich) 

Wood, A. N. G. (Leeds) .. 
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THE POST OFFICE AND AUTOMATIC TELEPHONES. 

By Colonel T. F. Purves, Member. 

(Paper'first received \Zth October, 1924, and in final form Uh February, 1925; read before ^th March, 

before the North-Western Centre Vlth March, before the North-Eastern Centre ^Zrd March, and before me 
South Midland Centre 15/ April, 1926.) 


Summary of Contents. 

(1) Introductory. —^The paper attempts to describe 
points of general interest rather than detail. Absence 
of automatic aids to manipulation in early telephone 
switchboards; increasing introduction of such aids as 
nianual systems developed ; early automatic systems ; 
the fundamental Strowger step-by-step system, and 
power-driven systems. 

(2) Post ■ Office experience and practice. —S 3 ^tems 
already in use ; results obtained ; methods of comparing 
costs; advantageous field of manual and automatic 
systems. 

(3) The semi-automatic system. —Claims and objec¬ 
tions. 

(4) Layout of telephone areas. —^Economic studies; 
differences between manual and automatic layout of 
exchange positions and external lines; subscribers' 
lines, junction plant, sites and buildings; S 3 mthesis of 
costs. 

(6) Internal plant and wiring. —Calculation and layout 
of e?^changes ; traffic data; grades of service ; availa¬ 
bility of switches; grading of switching outlets in 
accordance with theory of probabilities; artificial 
traffic," " trunk-hunting" facilities and methods of 
increasing them. 

(6) Services reserved for manual operating. —^Trunk 
calls, extra-fee calls, coin-box and call-office traffic; 
automatic dialling to and from distant exchanges. 

(7) The problem of very large areas. —^Transition 
difficulties of schemes involving a rigid plan of sub¬ 
scribers* numbers. 

(8) The ** panel” system of the American Bell Com¬ 
panies. —Solution of numbering-scheme ^difficulties by 
exchange-code translation; brief description of " panel" 
system. 

(9) The choice of a system for London. —Strong attrac¬ 
tion of the "panel" system; ultimate adoption of the 
Automatic Electric Co.'s " director " system ; antici¬ 
pated development in London; agreements for supply 
of apparatus ; standardization of Post Office " step-by- 
step " automatic system. 

(10) The ” director system.” —General description of 
the system ; methods of translation; intercommunica¬ 
tion between manual and automatic exchanges during 
transition period; "‘key sender" and "call ‘indi¬ 
cator " equipment; the London " mechanical tandeih " 
exchange; various classes of service jppvided;' tone 
signals ; alanns and guarding devices ; private branch 
exchange lines. 

(11) The subscriber's automatic telephone set.Stzsx- 
dardization of signalling impulses and ^calling dials; 


circuit arrangements to avoid high-voltage surges, 
tinkling of bells, and impulse clicks in receiver. 

(12) Tariffs for automatic systems .—" Message rate " 
versus " fiat rate " ; " time and distance " tariff. 

(13) Progress of automatic exchange construction .— 
New exchanges required in London and the provinces ; 
training of staff ; output capacity of factories. 

(1) Introductory. 

In the art and practice of telephony the development 
of means whereby one talking circuit can be connected, 
at will, with any other has always presented a leading 
problem, second only to those involved in the actual 
transmission of speedi. 

Although its study has been accompanied by a large 
amount of invention, it is essentially a problem in pure 
engineering. The object accomplished is one which, in 
itself, is simple, and the immense amount of effort and 
ingenuity which has been expended upon it by many 
hundreds of engineers has been directed wholly to 
securing its accomplishment at minimum cost in money 
and time. 

The various systems of switching classed as " auto¬ 
matic " perform no new function in telephony; rather 
do they represent the culmination of a continuous 
process, in which electrical and mechanical devices 
have been increasingly utilized, in order to reduce the 
amount Of human effort required to place a telephone 
subscriber in communication with the correspondent 
with whom he desires to speak. In this economy of 
effort the subscriber has shared, and in modem 
"manual" switching systems the only manipulative 
act required of him is that he should lift the telephone 
receiver from its’rest before speaking, and replace it 
when he has finished. 

The adoption of the automatic system represents a 
reversal of this policy of economy of operation, so far 
as the subscriber is concerned, since it throws upon 
bim the whole of the manipulation required to effect 
the ordinary local calls which generally constitute the 
bulk of his transactidns, and for that reason the intro¬ 
duction of automatic exchanges in any telephone area 
is generally a matter of considerable public interest. 

The desire of the general public for information is 
catered for by the daily Press, and, at the other extreme, 
the professional telephone engineer has at his disposal 
a great mass of technical literature in many forms, in 
the multitudinous details of which the electrical engineer 
who is interested in only a general way ihay be par^pned 
for • sometimes complaining that he " (?annot see the 

41 
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wood for the trees/* I shall therefore endeavour to 
give a general description of the function of automatic 
switching apparatus in telephony, with a few main 
details of the most recent innovations incorporated in 
the system which is now being installed in new exchanges 
in London. 

The fact that the inception of automatic telephony 
dates from a time only about three years later than 
that of the telephone itself, is often overlooked. The 
electrical telephone was invented—or at least effectively 
invented—^in 1876 by Dr. Graham Bell, a native of 
Edinburgh domiciled in the United States, who was 
present at a Meeting of the Wireless Section held in the 
Institution Lecture Theatre in 1921, only about a year 
before his death. 

Although the first telephones were used only for 
point-to-point communication on private wires. Dr. Bell 
from the earliest days visualized the use of his invention 
for general communication among members of the 
public. In a letter written from Kensington and 
addressed to the capitalists of the “ Electric Telephone 
Co.,** he expressed himself as follows :— 

“ It is conceivable that cables of telephone wires could 
be laid underground, or suspended overhead, com¬ 
municating by branch wires with private dwellings, 
country houses, shops, factories, etc., etc.; uniting 
them through the main cable with a central office 
where the wires could be connected as desired, estab¬ 
lishing direct communication between any two places 
in the city. Such a plan as this, though impracticable 
at the present moment, will, I firmly believe, be the 
outcome of the introduction of the telephone to the 
public. Not only so, but I believe that, in the future, 
wires will unite the head offices in different cities, and 
a man in one part of the country may communicate by 
word of mouth with another in a distant part. Believing, 
as I do, that such a scheme will be the ultimate result of 
introducing the telephone to the public, I will impress 
upon you all the advisability of keeping this end in view.** 

It has been given to few pioneers in a matter of such 
magnitude to see their early visions so fully realized. 
The telephone has indeed provided a notable illustraiuon 
of the rapid application of scientific discoveries to 
commercial life and to the home requirements of the 
people, and this applies with equal force to its most 
mo,dem developments, such as inductively loaded land 
and sea cables and thermionic valve repeaters, and 
coupled wire and wireless transmission, which have so 
greatly increased the stability and range of communica¬ 
tion. In this connection it is noteworthy that the 
fundamental elements of telephony have undergone 
only slight modification. The receiver of to-day is 
almost identical with that of 30 years ago, and the 
standard transmitter is still the box of carbon granules 
invented about the same time, while these, in turn, 
differ only in minor characteristics from the receiver 
first devised by Dr, Bell and the original carbon trans¬ 
mitter introduced a few years later. 

The first exchange switchboard was brought into use 
at Newhaven, Conn., in 1878 and was equipped with 
switching apparatus of the "rheostat switch'* type, 
now^o well known to wireless amateurs. The linuting 
possibilities oLsuch apparatus were soon reached and 


the necessity for the design and manufacture of entirely 
new t 3 q>es of equipment became evident. 

" Plug and cord ** exchanges quickly followed. An 
early switchboard of that type is shown in Fig. !.♦ 
Every operation of signalling and connecting had 
to be performed by hand. The subscriber had to 
switch in a generator to call the exchange and had to 
connect and disconnect his speaking battery by means 
of another switch. The operator had to restore the 
shutters of the drop indicators by hand; to connect 
his speaking set by a plug to the calling line; to plug 
his generator to the called line and turn the handle; 
to transfer his speaking set to that line; and, after 
obtaining a reply, to coxmect the two lines together by 
a separate pair of plugs and cord. From time to time 
he had to reconnect his speaking set and listen, in order 
to ascertain before severing the connection whether the 
conversation had been completed. 

As the numbers of lines and the amount of traffic 
increased it was found possible to facilitate the work 
of the operator by the introduction of such devices as 
connecting jacks, with auxiliary contact springs for 
signalling, self-restoring indicators for calling and 
clearing purposes, and fixed pairs of cords and plugs 
equipped with pulleys and with ringing and speaking 
keys which automatically effected all the circuit changes 
required to send calling signals and to enable the operator 
to speak and listen on any line. Automatic switching 
receiver-hooks were also added to the subscribers* 
telephones. 

The increasing size of switchboards made it necessary 
to employ several operators in one exchange, and the 
difficulties so introduced were Solved by the invention 
of the multiple switchboard. The British Patent for 
this was taken out in 1879 by Mr. Scribner, until a 
few years ago chief engineer of the Western Electric 
Co. in America, ,by whom the multiple switchboard 
was introduced and developed. This notable inven¬ 
tion enormously increased the number of lines which 
could be handled in a single exchange. It enabled the 
lines to be apportioned in suitable groups to an indefinite 
number of operators, each of whom answered the calls 
arising in his particular group and was enabled to 
complete the coimection to any required line in the 
exchange by means of a compact panel of connecting 
jacks in whicfi the whole of the lines appeared. Such 
panels were provided within reach of all operators and 
®very line was multipled to a jack in the same numbered 
position on every .panel of the entire suite. This 
necessitated the provision of many additional operating 
aids and refinements, including the simple electrical 
" engaged ** signal which has ever since been a feature 
of large manual exchanges. 

The introduction of the " common battery ** system 
represents another important advance. The first such 
exchange was opened in Louisville, Kentucky, in 1897 ; 
the first in England was opened at Bristol in 1900. 
The essential feature of the common-battery system 
is the e limin ation of batteries from the subscriber*s 
telephone set by the supply of talking current from a 
large central battery located at the exchange; but the 
system as launched by the engineers of the American 
♦ Not reproduced in the Joumdt, 
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Bell Association included a great many new develop¬ 
ments of a subsidiary character, among which may be 
mentioned the use of small electric glow lamps in place 
of mechanical indicators. 

It introduced, for the first time, the use of electrical 
power to the telephone system, and the curieiit lequire- 
ments of a large exchange began to be measuied in 
hundreds of amperes instead of in milliamperes. Mairy 
types of relays and other electro-mechanical devices 
were designed and introduced in combinations which 
greatly extended the automatic signalling and connecting 
features of exchange working. ^ 

Since then the telephone engineers of all the leading 
nations have participated in the further development 
of the common-battery system, both as applied to 
subscribers^ lines and to the junction circuits which are 
required in great numbers in large multi-exchange ai’eas. 

The object throughout has been to reduce the cost 
of giving a rapid and reliable service, by simplifying in 
every possible way the operations of the telephonist in 
handling calls. Such savings affect the engineering and 
other costs as well as the service operating costs. If 
we assume that the introduction of a certain amount 
of automatic aid to the operator results in halving the 
amount of time taken to deal with a call, not only is 
the effect to double the average number of lines which 
an operator can handle, and so reduce the number of 
operators by half, but the costly multiple switchboard 
suites will also be reduced to half the previous length, 
the necessary dimensions of switch-rooms and operating- 
staff accommodation rooms will likewise be halved and 
a large economy effected in the cost of sites and buildings. 

The amount of assistance given to the operators in 
all modern manual exchanges, by the introduction of 
automatic devices, is very great. In the case of some 
of the small telephone companies in the United States, 
where the whole service is given from a single exchange 
at a flat rate '' charge, it has been possible to combine 
these devices in such a way that the normal manipulative 
action of the operator is reduced to the mere insertmn 
and withdrawal of a single plug for each communication 
effected. The call is indicated by the glowing of a 
lamp adjacent to a particular plug. When the operator 
lifts the plug, her speaking set is automatically con¬ 
nected to the line and the number of the called party is 
ascertained. The insertion of the plug in the jack of 
the wanted line automatically disconnects the operator’s 
speaking set and connects a periodic ringing machine to 
the line. When the called subscriber lifts his receiver 
to reply he actuates a trip magnet which disconnects the 
ringing machine and places the two parties in com¬ 
munication, The replacement of the receivers at the 
end of the conversation sends a clearing signal, on 
observing which the operator withdraws the connecting 
plug. With so simple a manipulative system the 
number of calls which an operator can normally deal 
with in an hour is naturally very high. 

Side by side with the foregoing development of 
so-called “ manual ” systems many inventors and 
engineers have been devoting their attention to the 
devising of purely automatic systems in which the 
intervention of an operator in connection with ordinary 
local calls is entirely dispensed with. . 


Probably the first recorded proposal for an automatic 
system is that of Connolly,' which is covered by the 
joint patent of Messrs. M. B. and T. A. Connolly and 
T. J. McTighe, United States Patent 22458, dated 
9th December, 1879. This system bears a remarkable 
resemblance to the Wheatstone “ ABC ” dial telegraph, 
and although the Patent refers to a system of 100 lines 
the drawings associated with it only illustrate one of 
25 lines. The face of the dial was marked with letters, 
each of which represented one subscriber on the system. 

The first really important development of automatic 
telephony is represented by the inventions of Mr. 
Strowger, whose name was destined to become univer¬ 
sally known as its pioneer. Strowger’s first patent is 
dated 10th March, 1891, United States Patent No. 
447918. This early system required five wires between 



Pig. 2.—^Diagram illustrating working of Strowger selector. 

each subscriber’s station and the exchange. Subsequent 
improvements enabled the number of wires to be reduced 
to two, which brought the system into line with standard 
telephone engineering practice and led to its fairly 
extensive adoption among the smaller telephone com¬ 
panies in America and elsewhere. 

The Strowger system is the basis of what is known 
as " step by step ” automatic telephony, and at the 
present day there are more automatic telephones served 
by exchanges of that type than by any other. Its 
fundamental idea is the simple one of straight decimal 
selection, digit by digit, in a forward direction. Fig* 2 
gives a diagrammatic view of the well-known Strowger 
selector switch. It consists essentially of a set of 
insulated contact brushes, or wipers, with means for 
bringing them into connection with any one of 100 sets 
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of contacts, 10 of which are placed side by side, in the 
arc of a circle, on each of 10 levels. The brushes are 
carried on a vertical spindle to which step-by-step 
vertical movement and rotation can be imparted by 
means of electromagnets actuated by the trains of 
signalling impulses produced by the calling dial of the 
subscriber's telephone. The brushes rest normally 
slightly below, and to the left-hand side of, the banks 
of contacts, being held in that position by gravity and 
by means of a spiral spring, shown at the top of the 
figure, which acts upon the spindle. Impulses in the 
vertical magnet (VM) step up the brushes to a position 



Fig. 3. —Strowger selector. 


opposite any required level by means of a pawl whicJ 
engages with a vertical ratchet on the spindle. J 
subsequent train of impulses in the rotarv magnet (RM 
^1 cause the brushes to enter the bank*'of contacts oi 
that level and 'svill rotate them into connection witl 
any desired set of contacts, representing the line of th( 
called subscriber, by means of a pawl and horizonta 
ratchet. So long as the connection is required the 
vertical and horizontal ratchets of the spindle are engaged 
by a double detent (DD) which locks it in position 
When the calling subscriber restores his receiver on the 
completion of conversation, a release magnet (Rel Ml 
IS actuated and disengages the double detent* the 
spiral sprag then restores the brushes to a position 
horizontally clea^ of the contacts bank, and the spindle 


and wipers drop by gravity to the normal position 
of rest. 

The foregoing description applies to the operation 
of the final selector switch of 100 lines, which completes 
the connection to the called subscriber and is governed 
by the impulses representing the tens and units digits. 

In order to effect the selections represented by the 
hundreds, thousands, and other digits, a switch of the 
same general design is employed, but the digit impulses 
are utilized to govern only the vertical selection of a 
level of 10 contacts, all of which are connected to 
further selector switches instead of to the actual sub¬ 
scribers' lines. In this case the function of the rotary 
magnet and of the horizontal movement of the brushes 
within the bank of contacts, is Jenown as trunk 
hunting " ; the brushes are driven rapidly forward by 
local impulses until they find, and come to rest upon, 
a set of contacts connected with an idle selector in the 
next rank of switches, which will receive, and deal 
with, the next train of digit impulses sent in by the 
calling subscriber. The bank contacts of all ranks of 
switches are multipled together in groups, in a manner 
analogous to the multipling of subscribers' and junction 
lines at a manual exchange. 

Fig. 3 gives a view of a final selector switch of pi*esent- 
day pattern, without its protective cover. It will be 
seen that in addition to the double brush and bank 
contacts carrying the talking-circuit connections, a 
separate brush and set of bank contacts—known as 
the "private bank''—is also provided. The latter 
carry a thhd conductor used for preventing the making 
of connections with engaged lines or switches, a function 
similar to that of the third or " sleeve '' conductor used 
in the plugs and cords of manual exchanges. The eight 
relays shown at the top of the figure control the circuit 
re-arrangements associated with each step of the opera¬ 
tion of the selecting mechanism, and perform other 
necessary duties which, inter alia, enable the switch :_ 

To ascertain whether the wanted line is disengaged, 
and, if not. 

To transmit a * busy " signal to the calling sub¬ 
scriber ; 

To provide against interruption by other calls for 
the same line ; 

To disconnect the called line from its call-receiving 
equipment; 

To ring the wanted subscriber ; 

To d^connect the ringer, join the circuit through, 
and operate the caller's meter when the called 
subscriber has replied ; 

To supply talldng current; 

To release the connections when conversation has 
finished. 




otruwger exenanges wao to 

provide a selector switch for every subscriber's line, 
e hue bemg connected to the brushes and finding its 
outlets \aa the banks of multipled contacts. Tliis 
practice mvolved the use of a very large number of 
expensive pieces of mechanism, 
each of w^ch was utihzed, ,on the average, for only a 

economic advantige 
herefore resulted from the invention in 1907 by Mr. 
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Alexander Keith, one of the engineers of the Automatic 
Electric Co. of Chicago, of a simple form of line switch, 
which took the place of the selector on the subscriber's 
line, and connected the line to an idle selector in a 
common group before the operation of dialling impulses 
began. The use of the Keith line switch thus enabled 
the number of selector switches in an exchange to be 
very much reduced and to be proportioned in accordance 
with the total traffic to be carried, without regard to 
the number of subscribers' lines connected. The Keith 
switch has recently been superseded by a simple form 
of rotary line switch which serves the same purpose. ^ 

Although the Strowger step-by-step system, with 
many variants, has reached a high state of development 
in many lands, it is very far from holding the field 
alone. Its basic principle of straightforward decimal 
selection of circuits in comparatively small groups, 
although simple both in theory and in practice, un¬ 
doubtedly tends to multiplicity of switches. The fact 
that all the motions of its parts are energized by the 
attraction of the armatures of electromagnets has also 
appeared to some highly competent authorities to be a 
weakness. 

The development of forms of automatic exchanges 
in which the motive power of all the main elements is 
derived directly from a power motor has therefore 
received much attention and has attracted the efforts 
of mapy exceedingly able inventors and engineers. 
The earliest achievements in that direction are marked 
by the names of E. A. Faller, the Lorimer brothers, and 
F. R. McBerty. Faller was responsible for United 
States Patent 686892 of the 19th November, 1901, 
which provides for the use of ** well-designed mechanism 
performing a definite cycle of operations and driven by 
some source of power." He also provided at the 
subscriber's telephone a calling device which enabled 
the required number to be visibly set up before any 
impulses were transmitted over the line. 

Both these features were adopted in the Lorimer 
system, whicdi had its origin in Canada and was installed 
in two public exchanges—^Brantford and Peterborough 
in Ontario. It was one of the first systems to be tried 
by the British Post Office and was installed in 1914 
at the Hereford exchange, where it is still giving good 
service. Although the manufacture of this system for 
new installations has apparently now been abandoned, 
it contributed important ideas to the general subject. 

The principle of power-driven machine-switching has 
been further developed by the Western Electric Co., 
in association with the American Bell telephone organi¬ 
zation, in two forms known as the " rotary system " 
and the " panel system." These two systems differ 
widely from each other in mechanical design, but are 
electrically analogous. The rotary system, devised by 
Mr. McBerty, was installed experimentally in the 
company's New York factory in 1910, but the subsequent 
development and ultimate adoption by the Bell organiza¬ 
tion of the panel system, to which fuller reference will 
be made later, led to the abandonment of manufacture 
of the rotary system in the United States, where it has 
not been .installed in any public exchange. Its manu¬ 
facture vras transferred to the Western Electric Co.'s 
factory in Antwerp, and it has been adopted with 


success in many European and other cities... The 
system, which is in operation in the Post Office exchanges 
at Darlington and Dudle 3 % is undoubtedly an excellent 
one. 


(2) Post Office Expeeience and Practice. 

For more than 16 years the Pogt Office has studied 
the development of automatic exchanges very closely. 
In the early stages it adopted the policy of giving an 
actual working trial to such systems as promised to be 
capable of providing good and reliable public service* 
The exchanges which it has, so far, installed are as 
follows :— 


Exchange 


Systefn 


Headquarters 

Official Automatic Electric Co. (step-by 

step) 


Epsom 

Hereford 

Darlington 

Accrington 

Newport (Mon.) 

Chepstow 

Portsmouth 

Paisley 

Dudley 

Blackburn 

Leeds 

Grimsby 

Stockport 

Ramsey 

Hurley 

Fleetwood 

Southampton 

Swansea 


*» 

Canadian Machine Telephone 
Co. (Lorimer) 

Western Electric Co. (rotary) 
Automatic Telephone Mfg. Co. 
(step-by-step) 

f» »* 

** >> 

Western Electric Co. (rotary)* 
Automatic Telephone Mfg. Co. 
(step-by-step) 

»* 

Siemens Bros, (step-by-step) 

i» »» 

Siemens Bros, (village) 

99 99 

Relay Automatic Co. 

Siemens Bros, (steprby-step) 

99 *9 


Sketty 
Dundee ^ 

Droughty Ferry 
Marton 

York 

Hadleigh 

Blockley 


99 9 * 

Peel Conner: North Electric Co. 
(step-by-step) 

99 9 * 

Automatic Telephone Mfg. Co. 
(village) 

Auto. Teh Mfg. Co. (step-by- 
step) 

P.O. (Rural Auto. System) 

99 »» 


Opened 

1912 


1912 

1914 

1914 

1915 

1915 

1915 

1916 
1916 
1916 
1916 

1918 
1918 

1919 
1921 

1921 

1922 

1923 

1924 
1924 
1924 

1924 

1924 

1924 

1924 

1924 


In some of these cases installation was seriously 
delayed by the war. The behaviour and the running 
expenses of all the exchanges mentioned have been 
critically watched and it may be mentioned that in no 
case has there been reason to regret the selection of 
any of the systems for installation. All have given, 
and continue to give, good service at reasonable main¬ 
tenance cost. 

It was also proved that the automatic method of 
working was generally acceptable to the British public 
and that the linking up of the automatic plant with 
^ the manually operated switchboards, required at all 
‘ exchanges for toll junction and trunk traffic, co;i;ild be 
effected satisfactorily. 
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Th^. first exchanges of each t 3 rpe were installed, for 
the sake of experience, at places where new switch¬ 
boards were needed, and it was quite recognized that 
some of them would operate under conditions which 
would not enable the automatic system to produce its 
best economic results in comparison with the cost of 
manual service. This arose mainly from the need for 
associating with each automatic exchange an unduly 
large proportion of manual switchboards for the purpose 
of dealing with external trafi&c. Much of this trai&c 
fell within the unit-fee area and would, in a fully equipped 
area system, have been disposed of by automatic means. 
The total expenses were, in some cases, found to be some¬ 
what higher than those which would have resulted from 
the use of manual exchanges, but they provided data by 
means of which financial comparisons could be made 
between the economic results to be anticipated in multi- 
of5.ce unit-fee areas fully equipped with the automatic 
or with the m a n ual S37stem. Such comparisons are 
made on the basis of inclusive annual costs, taking into 
account interest on capital, depreciation, maintenance 
and operating, with a calculated proportion of com¬ 
mercial and overhead charges. Many t 5 rpical areas were 
studied in this way and the results were generally favour¬ 
able to the full equipment of the area with automatic 
plant. In the Shef5.eld and Newcastle areas, for 
example, savings of over £14 000 a year and of nearly 
£7 000 a. year respectively were indicated. After the 
various factors entering into these calculations 
been investigated, it was found that the policy of pro¬ 
viding automatic or manual equipment could in many 
cases be determined, without detailed calculation, by 
the application of the following general principles:— 

(1) In an area where the anticipated development on 

aH exchanges in a period of 20 years does not 
exceed 1000 subscribers' lines, manual equip¬ 
ment is to be provided. 

(2) In all other cases automatic equipment is to be 

installed, provided that the following traf5c 
conditions obtain:— 

(а) The " calling rate " to average not less than 

1‘2 calls per subscriber in the busy hour 
of the day. 

(б) The proportion of local traffic to be not less 

than 70 per cent. 

(^) The number of manual operators' positions 
required, in association with the auto¬ 
matic exchange, not to exceed 66 per cent 
of the number of positions required for a 
manual system. 

The fulfilment of conditions {a), (6) and (c) provides 
a safe case for the adoption of the automatic S 3 rstem. 
Cases which fail to satisfy these conditions are treated 
as border-line cases and are subjected to detailed cal¬ 
culation. The result of the investigation of these 
doubtful cases has, so fax, shown that in more than 
80 per cent of them the automatic system represents 
an economy. 

Appendix 1 shows ihe results of the calculations made 
up to a 10-years period in three such border-line cases : 
Keighley, Maidstone and Macclesfield. Experience has 
shown that there are few areas, where the 10-yeara' 


development will reach or exceed 2 000 subscribers' 
lines, in which the automatic system will not show a 
comparative saving, and, as a result, it has just been 
decided that it is safe to install the automatic system, 
without detailed financial comparison with manual, if 
the following conditions will be satisfied within that 
period:— 

(1) The average subscriber's calling rate to be not 

less than 6 calls per day. 

(2) The number of local calls switched automatically 

to be not less than 4 000 per day. 

(3) The proportion of originated calls requiring to be 

handled manually to be not more than 40 per 

cent. 

On the other hand, if the number of local calls wliich 
might be switched automatically will not exceed 3 000 
per day within the 10 years' period, manual equipment 
will be installed without question. 

The introduction of the automatic system does not 
necessarily involve any appreciable modification of the 
private branch exchange switchboards working in the 
area. A great many private automatic exchanges have 
nevertheless been installed by the Post Office to meet 
the wishes of its subscribers. Some of these exchanges 
provide for over 600 lines. The majority of are 
of the Relay Automatic Telephone Co.'s type, 

(3) The Semi-automatic System. 

Many telephone authorities, while constrained by the 
force of facts to admit that automatic selecting and 
switching mecha^ms had been shown to be capable 
of furnishing reliable and economical service, yet hesi¬ 
tated to entrust the means of operating them to the 
general body of subscribers. It was argued that personal 
communication with an operator was necessary in 
order to reassure the public and to ensure proper use 
of the plant. To meet this frame of mind several systems 
known as "semi-automatic" have been introduced. 
These utilize the complete mechanical switching equip¬ 
ment of a full automatic exchange, in addition to a 
suite of manual switchboards, the operators at which 
receive all c^s through the medium of an automatic 
" traffic distributor," ascertain the required connections 
verbally, and ijaanipulate impulsing keyboards which 
steer the connection through the automatic selecting 
switches to the desired line. The subscriber is provided 
with an ordinary common-battery telephone set, and 
his procedure may be identical with that of a manual 
exchange system. 

In effect, the semi-automatic system carries to its 
extreme the principle of reducing the work of the 
operator to a minimum, and its economic justification, 
as compared with manual systems, mainly depends 
upon the very high traffic load which it enables an 
operator to carry without strain. In addition, the cost 
of training operators is somewhat reduced ^d the 
setting up and severance of connections are effected 
more rapidly. 

Its claims to superiority ov^r the full automatic 
system are mainly based upon the simplicity of the 
subscribers' apparatus and procedure, the personal 
supervision of each call by an operator, the generation 
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of signalling impulses by easily maintained mechanism 
at the exchangCi and restriction of the transmission of 
these impulses to circuits which are either within the 
exchange or ate carried to other exchanges over junction 
circuits which are likely to be in more perfect condition 
than the subscribers* lines. All these claims are valid, 
so far as they go. It is also true that, from a service 
standpoint, it is much easier to introduce semi-auto¬ 
matic than full automatic in substitution for the 
Tnq,rma1 system, especially in a multi-of&ce area. There 
is no need to make wholesale changes in the subscribers 
numbers or in the names of exchanges, or to worry sub¬ 
scribers by troublesome alterations in directories and 
working instructions, as the various exchanges in the 
area are successively converted to the automatic system. 

So great and so real did these difficulties appear that 
many convinced advocates of the full automatic system 
recommended the adoption of semi-automatic as an 
interim system during the long period of years that must 
elapse in an extensive telephone area before all its 
exchanges are transformed, notwithstanding the large 
wastage of distinctively semi-automatic equipment 
which must necessarily take place when full automatic 
working is finally introduced in the area as a whole. 

A few years ago the Post Office was seriously con¬ 
sidering the installation of one or more semi-automatic 
exchanges, mainly with a view to gaining experience 
which would be useful in connection with the treatment 
of ve?y large areas such as London, and endeavours 
were being made, in association with contracting com¬ 
panies, to develop a system embodying the following 
prescribed features:— 

(1) Standard manual-exchange operating supervision 

for all classes of calls. 

(2) Control and release of aU connections to be vested 

in the operator. 

(3) Manual registration of successful calls. 

(4) Even distribution of calls to operators in a regular 

indicated sequence; no waiting traffic to be 
hidden. 

(6) Automatic team work and traffic concentration 
facilities to be provided. 

(6) Facilities to be provided for holding switching 

plant for observation when faulty connections 
are established. 

(7) Facilities to be provided for transferring special 

calls to separate positions for completion. 

(8) Automatic selection of outgoing junction circuits 

for non-fee junction calls. 

The quantity and complexity of equipment required 
to furnish the service and traffic facilities stipulated are, 
on a semi-automatic basis, considerably greater than 
are necessary for the full automatic system* and both 
the capital and the annual costs are higher. After 
careful study and valuation of all the pros and cons, 
the Post Office Engineering Department has reached 
the conclusion that, in general, when a change from 
manual working is justified, the full automatic system 
presents a greater balance of advantage than the semi¬ 
automatic. 

As regards the interim use of the latter to overcome 
the special difficulties of introducing full automatic in 


large multi-office areas, recent inventions have, as 
described later, indicated a way out of these diffichlties 
which permits of direct conversion, exchange by ex¬ 
change, without any need for utilizing the semi-auto¬ 
matic system as a stepping-stone. 

(4) Layout of Exchange Positions and External 
Lines. 

The determination of the most economical number 
and location of exchanges to serve a telephone area 
involves an exhaustive study of all the costs of pro¬ 
viding and maintaining external and internal plant and 
buildings, and also the cost of operating the plant. 
This is necessarily prefaced by development studies of 
all parts of the area, and general traffic estimates, 
extending many years ahead. Comparison of the costs 
of alternative schemes is made on the basis of annual 
charges, capital cost being converted into interest and 
depreciation and added to the direct annual costs of 
maintenance and operation. ... 

The main items of cost to be considered in designmg 
the layout are represented by:—Subscribers* lines, 
junction circuits, exchange buildings, equipment and 
power plant, A ** (answering) operators, ** B ** (junc¬ 
tion) operators. 

An increase in the number of exchanges reduces the 
area to be served by each of them, and consequently 
reduces the cost of subscribers* lines, both by shortening 
their average length and by enabling standard trans¬ 
mission efficiency to be attained by the use of a lighter 
gauge of copper wire. On the other hand, it increas^ 
the requirements for junction circuits, buildings and 
power plant. The optimum number of exchanges is 
represented by the layout which reduces the summation 
of all these costs to a minimum. 

The number of exchanges required for the most 
economical service of an area on the automatic systeni 
differs materially from that required for the service of 
the same area on the manual system. 

The main reason for this is the fact that junction 
circuits can be provided much more freely in an auto¬ 
matic system, since they do not carry with ^em the 
heavy operating costs which accompany their use m 
a manual system. In the automatic ca^e only the 
plant costs of the junction system come into the cal¬ 
culation, and fuller advantage can therefore be taken 
of the economies represented by shortening the sub¬ 
scribers* lines. As a consequence, the adoption of 
automatic service in any large area generally involves 
an increase in the number of exchanges and a reduction 
in their average capacity. 

The foregoing does not apply to portions of an area 
in which the telephonic density is such that exchanges 
of 10 000 lines* capacity are justified under either systOT. 
This number of lines happens to represent the practical 
Hmiting capacity of both manual and automatic exchange 
units, the limit in the manual case being the maximum 
number of connecting points which an operator ^ 
physically able to reach, and in the automatic c^e the 
decimal limit of the number of lines ever required at 
one point. The theoretical locations of exchanges m a 
dense city area are therefore the same ffir both ^sterns. 
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In either case two or more 10 000-line units are housed 
in the same building if convenience so dictates. 

The economies in line plant that can be realized in a 
properly laid-out automatic system, as compared with a 
good layout on a manual basis, are considerable. Cal¬ 
culations made about three years ago in connection 
with the layout of the London area showed that the 
costs of the line plant for the automatic system, at or 
about the year 1945, would be nearly 30 per cent below 
those of a manual system. 

In the matter of exchange buildings the automatic 
system also enjoys a certain advantage. Accommoda¬ 
tion for operators is not required at many of the smaller 
exchanges, while at larger centres, where provision is 
made for inquiries and certain classes of trafic to be 
dealt with by operators, the amount of such accommo¬ 
dation required is comparatively small. The plant 
serving a given number of lines can therefore be housed 
in smaller and cheaper buildings. This advantage is 
partly discounted by the fact that the average number 
of lines per exchange is less in the automatic system, 
and more buildings are required than would be the 
case in a manual layout. In general, the cost per line 
of small buildings is greater than that of larger buildings, 
but it is found tiiat the automatic system introduces 
an overall economy of about 13 per cent in the cost 
of exchange sites and buildings. The total economy in 
external line plant, sites and buildings, which may be 
credited to the automatic system is about 23 per cent 
as compared with the manual systCTi. 

Reduction in the size of exchanges below a critical 
hgure of about 3 000 lines also increases to a certain 
extent the cost per line of power plant and of automatic 
switching equipment for handling a given amount of 
traffic. These factors therefore tend, so far as they go, 
to keep up the size of exchanges of smaller capacity 
ti^ 3 000 lines. In this respect automatic conditions 
differ markedly from those of the manual S 3 mtem in 
wffiA the high cost of the multiple equipment and its 
cablmg causes the cost of exchanges, per line, to increase 
very rapidly with their size; this increase is, o* course, 
much more than counterbalanced by the economies in 
junction working which attend the gathering up of the 
lines into large exchange groups. 

The methods of calculation adopted in determining 
toe layout of automatic exchange areas can be referred 
to only bnefly. 

1 telephone system in this country is laid out in 
local fee areas covering all territory within a radius of 
o n^es of a mam exchange, with the exception of some 

to TO ^ greater radius, up 

to 10 miles in the case of London. It is usual to consid^ 

he ^yout for one of these areas as a whole, but in 

of course, to 

e divided up mto small portions, each covering the 
to™um t^tory that might be served from one 

^or more exchanges axe then calculated.- and the 
m^ economical arrangement ascertained 


(a) Subscribers* lines. 

(b) Junctions to carry traific which would be created 

by increasing the number of exchanges serving 
each portion of the area, as explained above 
(these will be referred to later as “ local junc¬ 
tions **). 

(c) Junctions to other exchanges, in so far as they 

vary with the size of exchange. 

(d) Building and power plant. 

Other costs, such as that of subscribers* instruments, 
are independent of the size of exchange and therefore 
do not enter into the calculation. 

In applying these factors to the problem of determin¬ 
ing the most economical size of exchange in areas of 
various densities, they are all expressed in the form 



-- w* wxuun various I'acui, sni 

as percentage of subscribers within 1 mile radius. 






* -- 


the size of exchg,nge. 

The calculation of the cost of the subscribers' line 
plant IS somewhat complicated, but certain approxima¬ 
tions can be made whicffi simplify the work considerably. 

o determine the basic costs involves numerous cal¬ 
culations of the capital costs of various cable routes 
comprising <hfferent types of cable and different numbers 
of ducts laid under all classes of roads, with additions 
difficulties depending on the particular 
tocahty bemg considered. From these and investiga- 
tions into the lives of the various components of the 
plant, the mteest and depreciation cliarges are derived. 
An ^owance for maintenance is then added, giving the 

Pig. 4 shows the distribution of subscribers in a few 

SSfaT^-'i “ percentages of the total 

•' exchange. The curve for 

geometrical curve representing increase of area, gives 
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the largest percentage of subscribers in the outer 
portions of the area and represents one extreme condi¬ 
tion. The nearest approach in practice to uniform 
distribution is found in the central districts of large 
cities. The curve for the districts of outer London, 
which is also shown, approaches more closely to the 
curves for smaller cities. The o^^ curves represent 
towns in which the density dimimshes, in various 
degrees, from the centre outwards. The curve most 
nearly representative of the area being studied is taken. 

From this graph, curves are prepared showing the 
average length of subscribers* lines within any maximum 
radius, due allowance being made for the difference 
between route mileage and radial mileage. Owing to 
the fact that the cable routes have to follow the lines 
of streets, the route distance is inuch in excess of 
the radial, and generally the ratio is highest for the 
lines nearest to the exchange. From an analysis of a 
large number of exchange areas an average ratio of 
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Fig. 5.—Average lengths of subscribers* lines within various 
radii. 

route to radial measurement at various distances from 
the exchange has been arrived at and is used for working 

purposes. <% 

Fig. 5 shows as an example the curve for an area 
similar to town A of the previous figure. From such 
curves and the cable cost per mile, the average cost 
per subscriber*s line is ascertained. 

The number of junctions required depends upon the 
traffic, which can be estimated from records of the 
traffic under existing conditions, and upon the number 
and methods of connecting the outlets from selector 
switches used in the switching system adopted. In 
estimating the cost of these junctions due allowance 
must be made for the various gauges of conductor 
necessary to give the required transmission efficiency, 
and for loading where this proves more economical 
than the provision of heavy conductors ; the limits of 
resistance imposed by switching and signalling require¬ 
ments have also to be taken into account. Detailed 
capital costs have been estimated for each of the types 
of cable necessary, and the annual costs per mile, of 


circuit have been arrived at as described previously. 
In this manner a curve showing cost of junctions against 
size of exchanges for any particular area can be pre¬ 
pared. 

Fig. 6 shows combined building and power plant 
costs based on statistics of a large number of existing 
exchange buildings. It has been necessary to ascertain 
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capital costs of sites and of buddings specially designed 
for automatic ^changesi with all incidental accommo¬ 
dation. On this the interest and depreciation are 
calculated, and the charges for maintenance, cleaning, 
heating, etc., are added. . j 

The annual charges for the power plant are arrived 
at in a similar way. For automatic exchanges over 



Fig. 7.—^Annual cost of lines in various areas. 


about. 3 000 lines the cost of power plant, maintenance, 
etc., is practically the same per line; but as the size 
of exchange decreases, this cost increases, as already 
mentioned. Hence the 3 000-line exchange is taken as 
a datum point and only the excess cost for excha^^ 
of smaller capacity is brought into the graph. The 
curve shows that the accommodation cost for exchanges 
of 1 000 lines is about 12s. per line per annum, reusing 
to below 4s. per line in the case of the ^gest exchanges 
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The first step prep^atory to dealing with the layout 
of arf exchange area is to have a detailed development 
study made of the wTiole area to ascertain the number 
of subscribers likely to be obtained in the future, and 
their distribution. The Post Olfice practice is to have 
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Fig. 8, ^Economical sizes of exchanges for various densities. 

these forecasts plotted on plans to show the number of 
subscribers anticipated in each small portion of the 
area, say in sixteenths of a square mile, at 6, 10, 16 
and 20 years ahead. In the case of an ordinary pro¬ 
vincial town an inspection of this plan shows that 
there is always a fairly definite business centre where 
i^e telephonic density is high, failing ofi rapidly towards 
the suburbs. This condition calls for a large exchange 
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■ 1600. 


m the centre the best position for which is generally 
more or 1^ obvious, and this may be surround^ by one 

The most economical 
^ central and adjacent exchanges is then 

i m^echon and a comparison of the costs 

of two or tbree alternatives. 

Although the process is necessarily laborious, involvinir 
a laxgermass of c^culations. an engineer experienced to 


iMs class of work can, within a reasonable time with the 
aid of these curves, work out the most economical 
layout for all but the largest towns. 

In dealing with the larger towns, however, especially 
London, such a method would be unwieldy, and therefore 
the problem has to be attacked in a more indirect 
maimer. It is assumed that the density, or number of 
subscribers per square mile, will be fairly uniform over 
the small portions of the area to be studied in separate 
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Sttt of Exchange (N 9 of Lines) 

PtG. 10. —^Junction costs for density =« 1 600. 

detail, which in the central part of the area is reasonably 
accurate. In order to relate the average length of a 
subscriber’s line, and therefore the cost, to density and 
size of exchange, the graph shown in Fig. 7 has been 
prepared, based on Fig, 4 and the average cable costs. 
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Fig. 11.' Economical sizes of exchanges for density 


4 000 


1 600. 


It wiU be noticed that the base of the graph is the 
radius of an equivalent circular area, not the size of 
^change as to other graphs. This is found convenient 
for purposes of calculation because it combines the 
two independent variables, size of exchange and density. 
Numerically, the density is the number of subscribers 
per square mile. 

1^ practice, of course, the exchange area is never 
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circular but, provided- it is not very irregular and the 
exchange is properly placed at the telephone centre 
(that point which makes the total mileage of wire a 
minitnum), the assumption introduces.no serious error. 

By means of this curve and the curves for junction 
and building costs already referred to, the economical 
size of exchange to serve an area of uniform density is 
arrived at, and a further curve (Fig. 8) can then be 
prepared giving the economical size of exchange for 
each density. Having this curve ^d the map showing 
the densities, the areas and location of the exchanges 
can then be set out, corrections being made for non¬ 
uniformity of density and other special conditions. 

The application of the method may be illustrated by 
taking a typical area having a density of 1 500 subscribers 
per square mile. Fig. 9 shows the costs of subscribers 
lines varying with the size of exchange, obtained from 
the curves already prepared. Fig. 10 shows similarly 
the cost of junction lines. The curve of total costs. 
Fig. 11, shows that for a density of 1 600 the economical 
size of exchange is about 2 000 lines. 

It will no doubt be appreciated that this process 
represents only the first step in a case where an auto¬ 
matic system has to be grafted into an existing manual 
system. Allowance must be made for such factors as 
the layout of existing plant and the necessity for 
replacing each portion of the manual system only when 
it is economical to do so. Tins involves many con¬ 
siderations which, it is unnecessary to detail here, but 
which all add to the complication of the problem con¬ 
fronting the engineer responsible for the layout of an 
exchange area and the economical introduction of the 
automatic system. 


(6) Calculation and Layout of Internal Plant 
AND Wiring. 

After the position and capacity of a required automatic 
exchange have been settled, and a p^icular system 
has been chosen for adoption, there still remain many 
intricate problems to be studied and solved before the 
details of exchange design and specification can be 
matured. Subscribers’ lines have only a small amount 
of apparatus allotted to the individual service of each. 
The great bulk of the exchange switching equipment 
consists of apparatus provided for the, common use of 
all subscribers ; its quantity depends upon the volume 
of traffic to ^ carried, and not upon the^ number 
of lines. There are many alternative ways in which 
the enormous number of selectable outlets involved 
may be grouped, and very careful calculation and plan¬ 
ning are needed in order to arrive at -ttie best economic 
layout and to ensure that the amount of switching plant 
at all points in the system shall be adequate to the 
requirements of the traffic without wasteful over¬ 
provision an 3 rwhere. It is necessary to prepare data 
of anticipated traffic for all classes of calls, and the 
average probable dmration of the calls, known as the 
"holding time,’’ has also to be determined. The 
amount of switching plant whi(ffi will be simultaneously 
T iaIH in occupation during the busiest hour of the day 
depends on the product of " busy hour calls ’’ and 
“ time.’’ This is expressed in, what is known 

as “ traffic units ’’—& term now standardized by the 


British Engineering Standards Association—in whnffi 
holding time is reckoned in hours. Thus if each 
subscriber in a group of 100 makes, on the average, 
two calls during the busy hour, with an average 
duration of 3 minutes, the traffic originated will be 
(100 X 2 X 3)/60 = 10 traffic units. In other words, 
a traffic unit represents the equivalent of one 
occupation of a switching channel. In most cases the 
switches engaged in providing a connection are engaged 
during its whole duration, and the calculated bolding 
time for those switches includes the time to set up 
and to dear the connection, in addition to the period ot 
conversation. Several recent systems involve the use 
of auxiliary sets of switches which are temporanly 
employed as steering switches to control the se^^p 
of a through connection, and are then released, ine 
holding timft in the case of these switches averages only 
a few seconds, and a small number of sets can therefore 
handle a great many calls. 

Another essential factor entering into the detemuna- 
tion of the best economic layout is that known as 
" grade of service.’’ Telephone traffic varies widely at 
difierent times of the day, and even the traffic of the 
" busy hour ’’ shows considerable fluctuation from 
minute to minute. The provision of telephone plant 
in general is subject to the unfortunate econonuc cona¬ 
tion that, so far as the bulk of it is concerned, ite periods 
of idleness must greatly exceed its periods of einploy- 
ment. An endeavour to furnish an automatic exchange 
with switching facilities sufficient to ensure that exch^ge 
diannels will be available for all calls at the peak of the 
busy-hour load in the busy season, would involve hope- 
lesslv uneconomic provision of expensive meclia^m 
and "would increase the crat of the service out of all 
proportion to the increase in its quality. 

It is therefore necessary to flx a limit for the number 
of calls which may fail to get through on account of 
insufficiency of switching plant. This number must be 
so small that, to the subscriber, it is mappreciable. 
The proportion of calls that may be allowed to f^ in 
this way in the busy hour represents the ° 

service ’’ or " standard of service,’’ and ^e 
has standardized a proportion of 

for each switching, with the proviso that if tiie traffic 
should increase temporarily by 10 per ce^the grade o 
service shall not faU below 1 in 100. There are ^o 
certain- modifications to cover special arcumstan^. 
Experience and observation have shown that the a(^ai 
availability of switches, in groups, carrymg a 
amount of traffic per hour, is dosdy in accord with ^e 
results obtained from a mathematical calculation of the 
probabilities, and, as is well known, tte theory o 
probabilities is used, as far as it can usefiffiy be applied, 
in the determination of the numbers of switch^ req^c . 

For example, if a group of subscribers ongmatmg a 
given amount of traffic can be given access to a group 
of selectors, in such a way that each subsmber ^ reac 
any of the selectors, the appUcation of the theory m 
order to determine the resulting standard of service is 
trustworthy and comparatively simple. 

Most of the problems encountered in large areas are, 
however, too complicated to be re^y solved ^ 
theoretical means. In the case quoted abo^e each 



sutecriW wm, in practice, obtain access to the first 
V by means of a pre-selector or line 

^tch having a limited number of outlets, say. 24 
The number of first selectors required in the exchange 
may. however, be 1000 or more, and the problem will 
be to arrange the inter-trunking of line switches and 
selectora in sudi a way that, while each line can only 
reach 24 selectors, the traffic of the exchange will be 
earned, at the specified standard of service, by a mini¬ 
mum tom number of selectors. According to early 
automatic trunking practice the selectors would have 
been divided into independent groups of 24 and each 
group would have been multipled to as many line 






fet selectors. The grading has 16 groups, each group 
wmpn^g 76 subscribers with access to 24 outlets 
^ 384 outlets to be graded down 

to 128 selectors, and the way in which this may be 
done IS shdwn in the figure. ^ 

It win be sera that each group of 76 lines has individual 
acceM to 4 selectors via exchange trunks, that it shares 
further selectors with one other group. 3 vnth 3 other 
groups, and 7 with 7 other groups, while the remaining 
6 selectors are at the common service of all the 16 

groups mto which the 1200 subscribers have been 
uiviaed. 

Each 76 lines has therefore access, complete or partial. 


24 Multipled Circuits 


. Groups of 
25 Subscribers’ 
Line Switches, 
24 Point outlets, 
76 Subscribers. 


16-GROUP GRADING. 
1200 SUBSCRIBERS’ 
LINE, SWITCHES 
TO 128 

.PIRST SELECTORS. 


1,200Subs. 
(75 X«) 


75 Subs 



150 « ) 

•Tk.toSelrJ25 
kcessfromUOOlinc^ 


‘Tlc.to Selnl28. 
from 1200 lines; 


Link rr«««; Ceding Un. Switch Outlet, to Dru.h.. of nr.t Selector.. 
Fig. 12. ^Diagram of group grading. 


swhehea as it would suffice to serve during the busy 

* M however, that the average 

avai^bihty of selectors may be much increased by 

sw1t^«® f connections on the line 

SS lige^'^oJ? distributed throughout 

Fig. 12 iUustrates the principle of gradine acoIipH to 
300 subscribers who require 128 first^electors 
to cai^ their ongmated traffic. Each subscriber is 

^® ®^tches are multipled together and 
tennirmted on a connecting rack. Any multiple of 25 

•access to one or more 
inffividual selectors, i.e. selectors to which that 

access. In the figure 
1 200 subscribers^ line switches are connected to^l28 


= 4 
= 2 
= 0-76 
= 0-876 
= 0-376 


to 24 selector trunks, although its aggregate access 
necessarily remains equivalent to 8 trunks ^ below 

8.CC6SS to 4 truulcs 

J^9'lf d.cccss to 4 trunks * 

One-fourth access to 3 trunks 

One-eighth access to 7 trunks 

One-sixteenth access to 6 trunks 

Mixed access to 24; aggregate access to s" 

It should be mentioned that, as the selector trunks 
which represent the first choice of the line switch! 
Me naturally kept more fully occupied than those later 

in ^ *^® themselves are arranged 

m groups of 10 havmg a common multiple, it is necessLy 
to calculate the probable traffic in each rad to raS 

group of 10 wiU.carry the same amount of traffic. 
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Apart from any method of grading, the best arrange¬ 
ment of the plant—^in this ratio of 1 200 subscribers to 
128 selectors, which is equal to 8 selectors for 76 lines 
—would have been obtained by combining the 24 out¬ 
lets of 225 subscribers* line switches in a common 
multiple with access to 24 selector trunks. Assuming 
normal busy-hour traffic, this would have provided a 
standard of service of 1 lost call in 100. 

Grading in 16 groups, as shown, raises the standard of 
service to 1 in 600 without involving the use of any 
additional plant. In the absence of grading, this 
standard could only have been attained by reducing 
the number of subscribers* lines served by 24 trunks 
and selectors from 226 to about 190—-equal to an 
increase of 16 per cent in the required number of trunl^ 
and selectors. The economy effected by grading is 
therefore an important one. 

Another, and older, method of increasing the traffic 
capacity of first selectors is to provide access to them via 
an int ermediate set of secondary line switches or pre¬ 
selectors.** Many descriptions of this method have 
appeared in automatic literature, and it is not necessary 
to describe it here. There is good reason for believing, 
however, that, considering switching plant as a whole, 
the grading scheme effects substantially the same 
economy as the use of secondary line * switches, while 
it has the great advantage of avoiding the circuit 
complications and the increased fault liability that the 
latter "^entails. 

Problems similar to those mentioned arise in con¬ 
nection with the operation of hunting for disengaged 
trunking circuits between one rank of selectors and 
another. In this case the economic importance of 
securing optimum trunking arrangements is greatly 
increased by the fact that the next rank of selectors 
may be located in another exchange and the circuits 
may have to tra<verse some miles of street cables. 

The increased traffic efficiency attending the selection 
of circuits in large groups has led to the design of selector 
switches which are capable of searching, or hunting, 
through much larger banks of trunking circuit contacts 
than the banks of 10 which are usually associated with 
the " step-by-step ** automatic system. The rotary 
system of the Western Electric Co. searches over a 
bank of 22 circuits, while the panel system of the 
same company is arranged to search a maximum 
of 90 circuits and could probably, if desired, be 
arranged to search nearly 600 circuits. The switches 
of Messrs. Ericsson's machine-driven automatic system 
could also, if necessary, be arranged to find a 
disengaged circuit in a group of approximately 600. 
The direct step-by-step system is somewhat handi¬ 
capped in this respect by the fact that the whole opera¬ 
tion of searcloing for and finding a disengaged trunking 
circuit has necessarily to take place in the short interval 
between two successive pulls of the automatic signalling 
dial on the subscriber's telephone. In tlie case of 
machine-driven systems, such as those of the Western 
Electric Co. and Messrs. Ericsson, where the trains of 
signalling impulses are received from the subscriber by 
means of quick-acting registers ^* which subsequently 
steer the call.through the connecting switches, there is 
no such arbitrary time element to contend with. 


It has, however, been possible to devise step-by-step 
switches which can search directly over a bank &f 20 
trunking contacts, two at a time, without exceeding the 
small time interval available. It is also quite practicable, 
on this system, to install suites of 10-contact or 26-con- 
tact ** pre-selectors" between the various ranks of 
switches, and thus raise the theoretical trunk-hunting 
capacity to 100 circuits or 260 circuits. Such pre-selectors 
installed, say, between second selectors and outgoing 
junction circuits, would have their brushes joined to the 
selector banks and their multiple banks connected to 
the junctions. The selector can only find an outlet to 
the junctions via a pre-selector, the brushes of which 
are already standing on an idle line. Thus the actual 
searching movement is confined to the selector itself, 
and the time required for the operation is not increased 
by the introduction of the intermediate pre-selectors. 
Exhaustive study has shown, however, that by utilizing 
the methods of graded grouping already referred to, 
the need for large banks of trunk-hunting contacts, 
or their equivalent, can to a great extent be obviated, 
and that a satisfactory amount of traffic per switch 
can generally be carried even with 10 contacts in the 
bank level. It appears possible that the savings so 
effected in switch construction, and by the omission of 
the intermediate pre-selectors, will in most cases balance 
the cost of the proportion of additional junction cir¬ 
cuits required for the 10-contact system, and selectors 
having banks of 10 contacts will therefore be used 
for ordinary services in the exchanges installed in London 
and throughout this country, unless and until further 
detailed study of local conditions indicates that facilities 
for increased searching range will at some points be 
economical. 

It has been mentioned that the theoretical method 
of attacking problems of switching layout is often 
exceedingly difficult and leads to results which are 
tedic^s to evaluate. The most obvious alternative is 
to solve such problems by actual observations on 
working exchanges. There are two objections to this: 
first thsrt it is difficult to control such tests—^i.e. it is 
necessary to work with the traffic actu^y experienced, 
whether this traffic is that required to give salient points 
on traffic curves or not—and secondly, that the avail¬ 
able range of ** grade of service ** is very small, so that 
it is not possible to find what deterioration is effected 
in the service by a given increase of traffic or reduction 
in the number of switches. For these reasons it has 
been a practice of the Engineering Department to make 
use of “ artificial traffic ** for the production of designing 
curves, and the results obtained are checked by theo¬ 
retical calculation and by observations at working 
exchanges, where possible. 

Two methods of producing artificial traffic have 
been used, one employing numbered counters and the 
other making use of the numbers in a telephone directory. 
In the first method 100 counters, numbered " 01 ** to 
"99," are placed in a bag and shaken. Counters are 
then drawn one by one at random, each counter being 
replaced after drawing. The number of such drawings 
is made equal to the number of " busy hour " calls 
required for the test, and the number drawn represents 
for that call the interval of 1/lOOth of an hour at which 
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the call originates. By repeating the process and 
tabulating the results together, the time at which each 
supposed call originates may be determined to 1/10 000th 
of ah hour. The times of the calls are arranged in 
sequence and are then available for the analysis of the 
effect of any desired grouping of switches. The holding 
time may be constant or variable, as desired. In the 
telephone directory method, the time at which a call 
ori^nates (to 1/10 000th of an hour) is obtained by 
choosmg a succession of 4 digits from the numbers in 
the directory. In general, tens digits only are used, 
as wth the others there would be a tendency for certain 
digits to occur more often than othem. 

Each of these methods is, of course, merely an attempt 
to obtain a sequence of events in time according to the 
laws of pure chance, and so to represent the entirely 
fortuitous intervals at which individual calls are made 
short period when the aggregate amount of 
tramc is fairly constant. 

As an illustration of the way in which the fluctuations 
of traffic are proportionately reduced as the size of a 
group mcreases, it may be of interest to consider the 
case of a number of subscribers each maldng two calls 
per busy hour with a holding time of 3 minutes If 
these are arranged in a group of 10 having a common 
resultmg traffic would be equivalent to 1 
traffic unit, and if the calls were made at absolutely 
unrfo^ intervals they would all be carried by a single 
switching channel, continuously occupied. Similarly a 
group of 260 lines would originate 26 traffic units ^d 
require 25 smtching channels under the same conditions. 

Actually, if this provision were made the foUowinff 
percentages of calls would be lost:_ 

For 10 lines (1 traffic unit and 1 switch) the loss 

would be.. 

For 100 lines (10 traffic units and 10 s^tcheV) 

the loss would be.21-5 

For 260 lines (25 traffic units and 26 switches) * 

the loss would be.. 

For 1 000 lines (100 traffic units and 100 switched 

the loss would be .. .. ,, f 17.0 


The matter may be looked at in another way as 
follow Assmg that the standard grade of service 
of 1 m 500 IS pven, it is found that the average traffic 
per switch for the numbers of switches quoted above and 
m two graded cases would be as follows :_ 

10 Switches will be asked to carry 3'43 traffic 
units per hour; average traffic units per 

.switch . .,0-343 

26 Switches will be asked to carry 13-76 traffic 
units per hour; average traffic units per 
swtch .^ Q 

100 Switches will be asked to carry 76-4 traffic 
units per hour; average traffic units per 
switch .^ 

100 Switches (lO-contact grading), 43-6 traffic 
units per hour; average traffic units per 

^tch .. .. .. . 0 -ofl 

100 Switches (26-contact grading), 64-08 tr affic 

per hour; average traffic units per 
Switch ... .. ... 


In the first three cases the pre-selectors finding their 
outlets via these switches are assumed to have a suffi¬ 
cient number of contacts to secure full availability '; 
m the two last (graded) cases the pre-selectors would 
nave only 10 and 26 contacts respectively. 

(6) Services Reserved for Manual Operation. 
The conversion of an area to automatic working 
does not involve the complete elimination of the manual 
operator. Some classes of traffic can at present be 
h^dled more conveniently and economicaUy by manual 
than by automatic means and, in general practice, all 
calls for which more than the unit fee is charged will 
be dealt with by an operator who will record each 
call on a ticket in order that the proper debit may be 
made to the calling subscriber. In the Post Office 
system, operators are retained for trunk and toll circuit 
calls, extra-fee junction calls, phonogram (i.e. telegraph 
m^sage) calls, call-office and coin-box station calls, 
and for '' inquiry and '' information caUs. 

Until recently all coin-box and call-office traffic was 
handled manuaUy, but a new form of coin-collecting 
box has now been introduced which provides for tlie 
deposit of the local unit fee automatically. The atten¬ 
tion of an operator will only be required for calls involv- 
mg the deposit of additional coins in the box. The 
use of this new coin box in association with automatic 
systems will, in the first instance, be confined to pro¬ 
vincial areas. . 

For aU calls to points outside the unit-fee area, the 
onginating automatic subscriber dials a number which 
will obtain the attention of an operator in his own local 
exchange, or in the trunk or toll exchange, to whom 
he gives his demand. The call is than handled and 
record^ on a ticket in the regular manual fashion 
throughout. 

The method known as " dialing out,^* which permits 
■the calling subscriber to obtain direct communication 
^th an operator at the distant exchange required, is 
frequently advocated, but has not been adopted by the 
Post Office for extra-fee traffic, on account of the dis- 
^vantage of removing the supervision of such calls 
from the operator at the home exchange. The distant 
operator cannot conveniently be placed in a position to 
check the idei^ty of the calling subscriber against 
whom the extra charge is to be debited. 

The converse procedure of " dialling in is, however, 
in common use. A subscriber on a manual exchange 
who requires a subscriber on an automatic exchange, 
reached by means of a junction or direct trunk line, 
makes the demand to his local operator as usual. This 
operator then completes the call by dialling from her 
cord circuit over the junction or trunk line directly 
into the switches at the automatic exchange, and thus 
sets up the desired connection without the intervention 
of an operator at the caUed exchange. This method of 
operating is adopted in all cases where line conditions 
penmt, in preference to the alternative method of 
passing the demand verbally by order wire, or over a 
signalling junction to a manual operator at the required 
automatic exchange for completion. 

The character of the line has, however, a restrictive 
effect upon the extentto which'' dialling-in can be em- 

r 
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ployed. The method is practicable on almost any length 
of unloaded physical line, but the introduction of loading 
coils and repeaters and the use of phantom circuits 
give rise to certain difficulties. The transmission con¬ 
stants of a loaded line introduce a marked degree of 
distortion in tlie dialled impulses, but in the few cases 
where this trouble would be sufficient to afiect working 
efficiency it would be possible to remove the difficulty 
by the use of special methods and apparatus. 

Repeaters and phantom circuits are, however, 
obstacles, which have not yet been fully overcome. A 
solution has been found to the cognate problem of 
sending calling and supervisory signals over such 
circuits, and considerable progress has been made with 
the solution of the dialling problem. A method winch 
promises a satisfactory result involves the use of high- 
frequency alternating currents, the application of which 
to the line at the sending end is controlled by the dial 
impulses. At the receiving end these trains of high- 
frequency alternations operate on the grid of a valve 
having in its plate circuit a relay which, in turn, controls 
the stepping relay of the selector switch. 

In ordinary local areas of medium size an endeavour 
is always made to change over from naanual to automatic 
working simultaneously at all the exchanges in the area, 
but this is often impracticable and in such cases one 
or more exchanges remain manual whilst the remainder 
are automatic. Under such conditions the methods of 
diaTling-in and dialling-outare both adopted 
for interchange of traffic between the two systems, and 
each call is dealt with by one operator only. 

There is no objection to allowing an automatic 
subscriber to dial but to the operator at a manual 
exchange in the case of unit-fee traffic, since the regis- | 
tration of the call is automatic and the operator, who 
has no extra charges to record, is not concerned with 
the identity of the calling subscriber. 

(7) The Problem or very Large Areas. 

Although it has long been recognized that the 
mechanical switching possibilities of automatic selecting 
apparatus are theoretically unlimited, there have been 
difficulties of a very , practical kind in applying it to 
the telephone service of the largest area systems which 
have* grown up in manual exchange'pr^-c^ce. Up to 
a few years ago it was necessary to envisage an auto¬ 
matic intercommunicating area as laid out upon a 
perfectly uniform and rigid scheme of exchange numbere 
for the subscribers in aU parts of it. The first digit 
of each number had to choose a line to a particular 
district, every subscriber in which must have a number 
commencing with that digit. There might be another 
digit to choose a particular exchange in the selected 
district, in which case all the subscribers' numbers on 
that exchange would have to commence with the same 
two digits. A further four digits would suffice to choose 
any subscriber's line in an exchange of 10 000 lines, or 
in a group of smaller exchanges of 10 000 lines* aggre¬ 
gate capacity. Such a system would be a straight 
6 -digit system or its equivalent and, as one or two initial 
digits have to be reserved for special purposes, it would 
serve a ma ximum of about 700 000 subscribers* lines. 


If it were possible to construct the whole system en bloc 
and to transfer to it all existing subscribers on a’^ven 
day, on which day a brand-new telephone directory 
would be brought into use, the fact that every number 
on the system had been changed might not present 
too serious a difficulty. In reality, of course, the process 
of transfer must generally extend over several years. 
The economic advantage of the automatic system is not 
usually sufficient to justify the scrapping of adequate and 
up-to-date manual exchanges, and there is generally a 
long interim period during which the two systems must 
exist side by side. So long as a rigid numbering scheme 
was essential the successive transfers of groups of 
subscribers, as additional automatic exchanges were 
opened, occasioned in each case a certain amount of 
dislocation of the service. The continual change of 
indefinite groups of numbers in the directory, and the 
consequent alterations in the methods of initiating 
and handling the traffic concerned, were exceedingly 
troublesome to subscribers and operators alike. Another 
condition necessarily attending the layout of an area 
under a rigid numbering scheme is that in all parts of 
it a definite allocation of spare numbers must be made 
at the outset, in order to provide for future development 
at each particular point during a period of many years. 
Similarly the layout of main switcliing centres, the 
number, capacity, and approximate positions of all 
exchanges, the routing of traffic between them, and the 
capacity of the routes followed by external junction 
lines, must be settled long in advance of the maturing 
of full requirements. Telephone development is affected 
by so many uncertain factors—commercial, social and 
political—that it is very doubtful whether even the 
most careful forecasts of ultimate development could 
be relied upon to avoid the probability of enormous 
expense and inconvenience in providing for errors and 
in correcting them. A further possibility of danger 
arose from the fact that the handling at manual ex¬ 
changes of calls for automatic subscribers absorbed 
more of the operators* time than ordinary calls. As the 
propoistion of such transfer calls increased, the traffic 
capacity of each manual exchange would be corre¬ 
spondingly reduced and additional operators* positions, 
with in some cases extensions of buildings, would be 
necessary to serve the existing manual subscribers at 
unconverted exchanges. There would be many cases 
in which such extensions could not be made and a 
very critical position might arise. So serious did these 
aspects of the matter appear that telephone engineers 
responsible for providing the means of carrying on 
uninterrupted service in the large and immensely im¬ 
portant areas represented by New York, London, and 
other great cities, hesitated to embark upon the task 
of introducing the automatic system in these areas. 

As already mentioned, the preliminary installation 
of a semi-automatic system throughout the area, followed 
by a fi’nfl.l quick change-over to full automatic, presented 
a solution—^although an uneconomical one—of some of 
the difficulties of the transition period, but it did not 
provide any way out of those affecting the subsequent 
development of the area on the basis of a rigid numbering 
scheme. 

A notable attempt to solve the London automatic 
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problem was described in a paper * by Messrs. Laidlaw 
and Orinsted, read before this Institution in 1919. 
The authors proposed to divide London into nine 
regions, each expected to serve about 100 000 subscribers, 
and to mark the names of these nine regions on the 
subscribers' calling dials, adjacent to digits 1 to 9. 
The main switching exchange in each region would bear 
the regional name, and would be reached, by the first 
pull of the dial, from any subscriber's station in London. 
Access would be obtained through it to all the other 
exchanges in the region. Subscribers' numbers would 
all be changed and would consist of the regional 
name followed by 5 digits, or possibly by 6 digits. 
In a 6-digit system, for example, " Wimbledon 1829 " 
might become " South 71829," the digit 7 being used 
to steer the call into the Wimbledon exchange. 
("Wmbledon 19" would become "South 70019.") 
The initial digit " 0 " would be used to gain the atten¬ 
tion of ^ operator for all service purposes and for the 
completion of all calls to points not included in the 
nine London re^ons. The proposal was very ably 
worked out, but it was felt by the Post Office that it 
failed to provide the traffic and engineering conditions 
necessary for the satisfactory introduction of automatic 
working in the L^ondon area. It postulated a rigid 
numbering scheme, with eventual alteration of all 
existing subscribers' numbers; an inflexible .routing 
scheme^ which involved, tnier aha, the provision of 
direct junction circuits from every main exchange to 
all the regional centres. Only 10 exchanges in each 
region of 100 000 lines could be selected by means of 
the second digit, but the most economical layout of the 
regions would seldom be secured by 10 exchanges of 
10 000 lines each. In some cases the number would 
approach 20 exchanges of correspondingly reduced 
capacity. An exchange of 4 000 lines, for example 
would therefore have to be reached, through a nominal 
10 000-lines' centre, by 4 separate third digits, each 
representing the selection of a group of 1 000 lines. 
Junction circuits would have to be provided for each 
group independently, instead of as a common stock 
available for the full 4 000 lines. Such conditions tend 
to involve excessive provision of external plant. The 
scheme also dictated a certain artificial sequence of 
exchange transfers—^inasmuch as in every case the main 
regional exchange would have to be made automatic 
before any other exchange in the region could be dealt 
with—which would have been liable to involve heavy 
economic wastage. Some of the interim arrangements 
proposed for the transition period would also have led 
to troublesome repercussions in practice. (These re¬ 
marks are, I think, quite consistent with high appre¬ 
ciation of the value of the contribution made by Messrs. 
Lmdlaw and Grinsted to the general study of the 


(8) The Panel " System of the American Bell 
Companies. 

Such was the London position until in 1919 we bej?an 
o hear rumours that the long-continued and quite 
unadvertised efforts of the American Telephone and 
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Telegraph Co. and its associated manufacturing concern, 
the Western Electric Co., had succeeded in evolving a 
system which obviated all the well-known difficulties, 
and that it had actually been decided to commence its 
installation in New York. The basis and general 

arrangement of the new system—^the " panel " system_ 

had been Imown in this country for some time, but 
detmls of its most recent development were lacking 
until hlr, McQuarrie of the Western Electric Co. visited 
t^ country early in the year. Mr. McQuarrie's descrip¬ 
tion of the new operating features which had been 
grafted on to the S37stem came to me as a veritable 
fiash of light. It was at once evident that, by the 
invention and application of the digit translators, 
numerical call indicators, etc., which he described, most 
of the old bogies had been disposed of, and that a way 
had been opened for tlie direct application of the 
automatic system to telephone areas of the very largest 
size. Initial preparation could be made at all exchanges 
in the area without affecting the service, and thereaftei* 
the installation of automatic plant could begin at any 


''DIRECTOR** 
DIAL PUTE 


"ORDINARY* 
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FIGURES IN BLACK 


LETTERS IN BLACK 
FIGURES IN RED 

Pig. 13.—^Automatic dial plates. 


points where new exchanges were required. The routing 
of calls through various switching centres could be 
arranged in accordance with the actual needs of the 
traffic and could be modified from time to time as 
development might dictate. There was no need for any 
wholesale change of exchange names or of ordinary 
subscribers numbers ; all that was necessary was to 
alter a few names which were alphabetically or numeri¬ 
cally similar to others, and to level 2-digit and 3-digit 
subscribers' nuinbers up to four digits. (Even these 
comparatively trivial modifications are quite sufficiently 
troublesome in practice.) The arrangements for inter¬ 
changing calls between automatic and manual exchanges 
permitted of rapid operating and tended to raise, rather 
than to lower, the traffic capacity of existing manual 
exchanges. Each subscriber, automatic or manual, 
could make all his calls in a uniform manner and would 
not require to distinguish in any way between calls for 
correspondents served by automatic or by manual 
exchanges. Above all, a directory which would give 
no trouble to any subscriber could be prepared once 
for all, in advance of the first exchange transfer, and 
could be maintained unaltered throughout the whole 
transition period and into the subsequent full automatic 
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period, apart, of course, from ordinary additions and 
deletions. 

The subscribers' calling dial with a combination of 
letters and numbers, first introduced in connection with 
the panel S3^tem, has frequently been described and is 
becoming fairly well known, and the same applies to 
the arrangement of the directory pages. 

Fig. 13 shows the finger plate of this dial, as well as 
one of the ordinary ty^e. The subscriber is required 
to dial the three initial letters of the required exchange, 
followed by the four digits of the called subscriber's 
number. The three letters which appear in each of 
the finger holes of the dial have, of course, the same 
numerical significance, and produce the same effect 
upon the switching mechanism as the digits which 
occupy the same positions ; the use of letters is purely 
a matter of convenience. The three initial letters of 
each exchange must represent a different combination 
of digits from those of any otlier exchange. Obviously, 
therefore, the two names ** HAMmersmith" and 
“ HAMpstead " must not exist together in the same 
area, and the same would apply to two such names as 
" Victoria ” and Thames " since the pulls of the dials 

ArcentOo. 1400 Bvay.GREelcy SSU 

Arientint Bruil & Chile Shlppins Co 

70 Wall.HAN over 0307 
Arcmtine GenI Consulate. 17 Batry pK.RECtor 6946 
Areentine Impt & Bxpt Corp. *fTod Ex... 8R0 ad 1768 
I Areentine Mercantile Corp. 42 Bway... .BROad 5066 
ArfcntlneNaval Commission. 2 W 67..CQL mbits 5623 
ArgetitineOuebraeho Co. 80 Maiden la..,..JOHn 1652 

Argentine Railway Co. 23 Broad.BROad 1383 

Argentine Trading Co. 1164 Bway.MAO Sq 1871 

Argeres Bros. Restmt. 86 6th ax.SPR mg 5337 

ArgeroA, Grocer. 119 9lh av.CHEIsea 6255 

ArghisA. Tobacco. 74 Wall.HAN over 6311 

Argirople Theodore. Jwlr. 406 8th av. .FARragut 9772 
Argo PackingCorpn. 705 Greenwich.••FARragut 4505 

Argon Dress Co. 24 E 12.STUyvsnt 2011 

Argonaut Supply Corp. 50 Union sq. .STUyvsnt 7476 
ArgonneSteamship Co, 17 Battery pl...RECtor 2493 

Argos Ad-Art Co. 1133 Bway...FARragut 5986 

Argosy The (A Pub). 280 Bway..WOR th 8800 

Fig. 14. — ^Extract from a New York telephone directory. 

represented by VIC axe identical with those of THA. 
Fig. 14 shows the arrangement of part of a directory 
page. The block printing of the first three digits of 
the exchange names does not at all ^convenience the 
manual subscriber who passes his calls verbally, and it 
indicates to the automatic subscriber that these three 
letters must be dialled in order to reach the exchange in 
question. 

As already indicated, the panel system is so equipped 
that each subscriber obtains communication with all 
liis correspondents, manual or automatic, in the same 
manner, and is therefore quite unaffected by the suc¬ 
cessive conversions of exchanges, other than his own, 
from one system to the other. So long as his own 
station remains manual he passes all calls to his exchange 
operator verbally as usual and, as soon as his own 
exchange has been converted to the automatic system, 
he uses his calling dial in exactly the same way for calls 
to either type of exchange. 

This result is achieved by the introduction of call 
indicator " equipment of t3^es substantially similar in 
operating principle to those which have been adopted 
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for the London automatic system, as described-slater 
(see Figs. 22 and 23). . 

A detailed description of the panel switching system 
and its modes of operation—^which represent a remark¬ 
able aggregate of invention and design—^would occupy 
several volumes, and only a brief reference to it can be 
made here. Its evolution was only undertaken after a 
thoroughly comprehensive study of all existing auto¬ 
matic systems, and with the specific object of producing 
a system specially adapted to service in the largest 
and most densely telephoned areas> which would be 
capable of furnishing every kind of service that the 
manual system, with its operators, has ever been called 
upon to supply. A preliminary description, by Gherardi 
and Charlesworth, was printed by the Associated Bell 
Companies in 1920, and a fuller general description was 
presented in a paper"** by Craft, Morehouse and Charles- 
worth, read at a convention of the American Institute 
of Electrical Engineers in 1923. 

The installation of the system has been rapidly 
pushed forward and it has now been equipped in New 
York and some other large American cities to a capacity 
of more than 260 000 subscribers' lines. 

The system derives its name from the design of the 
selector switches, the multiple contact banks of which 
are arranged in large flat panels over which the contact 
brushes move in vertical lines. .Its moving parts are 
all machine-driven by means of a system of rotating 
shafts maintained in continuous motion by specially 
designed motors of practically unvarying speed. Its 
electrical design differs profoundly from that of step- 
by-step systems with straightforward selection by 
decimal stages. In general the movements of the 
switches are governed by what is known as " revertive 
control," that is to say they are not actuated by 
impulses sent into them but, after having been started, 
the switches themselves send impulses back into the 
controlling mechanism, which counts the impulses and 
stops the movement of the switches when the required 
position has been reached. 

The flumber of circuit outlets among which a panel 
switch can exercise selection is not limited, as in the 
step-by-step system, to 100, but has, in fact, been 
made 600; that is to say the successive selections do 
not follow in decimal sequence. 

Since the subscriber's calling dial transmits a series 
of plain decimal impulses, it is necessary to provide 
means for receiving these impulses and translating them 
to a non-decimal basis before they are used for con¬ 
trolling the movements of the switches. This function 
is performed by a combination of apparatus—called a 
" sender"—situated in the exchange of the calling 
subscriber. In the sender the decimal impulses sent 
out from the dial are accepted, stored, translated and 
finally sent out, in any desired sequence of impulse 
trains, to route the call through any necessary inter¬ 
mediate switching centres to the required exchange, 
and, finally, to reach tlie line of the called subscriber. 
Complete numbering and trunking flexibility is thus 
provided. 

As already mentioned, the motion of the selector 

m, 

* Journal of the American JnstUiUe of Electrical Engineers^ 1923, vol. 42, 
p. 320. 
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used ijQ the panel system is vertical only; when hunting 
for a circuit it moves upwards, and when released it* 
returns downwards to its normal position of rest. The 
movable portion of each selector consists of a long 
tubular metal rod carrying six triple-contact brushes. 
One of these brushes fixed at the top of the rod moves 
over a flat commutator in combination with which it 
controls the extent of the motion and also extends the 
three wires of the selector circuit to the other five 
brushes. These five brushes are spaced equidistantly 
on the tube and have in front of them the flat'panel 
multiple of 600 circuits. Kach brush has access to 
100 of the circuits and each selector can therefore make 
connection with any one of 600 circuits. Motion either 
upwards or downwards is imparted to the rod and 
brushes through the medium of magnetic friction 
clutches placed at the bottom of the rod in association 
with the constantly rotating power shafting. 

The panel with its five sections of 100 lines each, 
placed one above the other, is fitted in the centre of an 
iron framework. 

Each section is built up of flat punched strips of 
brass or other suitable metal about 42 in. long by 1 in. 
wide. There are three strips to each circuit, two of 
these corresponding to the line wires and one, used for 
local control purposes, corr^ponding to the sleeve 
connection of manual exchange circuits. The* 300 
strips- in a panel are securely bolted together and are 
insulated from each other and from the framework. 
The two long edges of a strip are each formed with 
30 projections with which the selector brushes can 
make contact. Selectors* to the number of 60, with 
their vertical rods and brushes, are associated with 
each 600-lme panel, 30 of them being inounted on the 
front and 30 on the back of the panel. Each of the 
600 sets of three metal strips, with their front and rear 
projections, thus represents, in itself, a multipled line 
with which any of the ,60 selectors can connect the 
circuit of its brushes. 

When a selector is searching it is trying to find either 
a particular circuit or a disengaged circuit in a par¬ 
ticular group. That circuit or group of circuits will 
appear on only one of the five 100-Iine sections of the 
panel, and it is necessary that, of the five brushes on 
the selector which are all connected together in multiple, 
only the one opposite that particular section should be 
active. Each brush is therefore normally retained in 
aa inactive position, and it is arranged that in the 
proc^ of selection, before searching begins, the correct 
brush shall be thrown into the active position. This 
rs efif^ted by means of a rod carrjdng trip fingers, one 
of which unlatches the selected brush as soon as the 
brush rod begins to move upwards. The four brushes 
op^site the other sections of the panel remain inactive 
and pass over the projecting contacts on the line strips 
Without touching them. . 

Associated with each selector is a “ sequence switch,*' 
the function of which is to make and unmake in the 
proper order the various circuit oomtinations required 
M a connection progresses through its various stages. 

very important item consists of a central shaft 
fitted fwith a nurnbOT of cams, or segmental contact 
rings, so cut that the various contact springs 


with them close and open circuits in a definite sequence 
and at definite points during the motion of the switch 
from position to position. The switch has 18 positions, 
in any one of which it may be stopped as required. It 
is operated by means of an electromagnetic clutch from 
the motor that drives the selectors. 

Fig. 16 is a general view of a selector frame. The 
five panels are marked P, the commutators at the top 
are marked C, the brushes are marked B, and the 
brush-carrying tubes E. At the bottom the clutch 
magnets are marked M. The sequence switches and 
other apparatus associated with the selectors can be 
seen on the frame at the sides of the panels. 



Fig. 16.—^Panel selector frame. 

Four principal types of selector besides a line-finder 
switch and a sender selector are used in the panel 
system. These four are all similarly constructed, but 
differ in circuit details. Their relative positions in 
making connections are shown in Fig. 16. 

For calling purposes, subscribers are connected in 
groups of 300 to line-finder switches which are of the 
same construction as the selectors except that there 
are 16 panels of 20 lines each and 16 brushes per switch. 
When a subscriber lifts his receiver to make a he 
opeirates a relay at the exchange, bringing a line-finder 
into use. The particul^ brush opposite the 20 group 
in which the subscriber's line is situated is tripped and 
hunts for his line. When the line is found the switch 
comes to rest with the brush on its terminals. At the 
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same time a sender selector, which may be a switch 
of the rotary type, hunts for a disengaged sender which 
it connects to lie line-finder and to a district selector 
associated with the latter. The subscriber now hears 
a tone signal, and as this is an indication that he may 
do so, he dials, in order, the first three letters of the 
wanted exchange name and the four digits of the wanted 
subscriber's number. The dialled impulses having been 
received and translated in the sender, a circuit is 
established between the sender and the district selector. 
The object at this stage is to extend the calling sub¬ 
scriber's line by means of a junction to the exchange 
of the wanted subscriber. The district selector has access 
to a total of 500 circuits; but as 45 of these are used 
for local service purposes, the maximum number of 
outgoing circuits which it may use is limited to 455. 
As the total number of junctions outgoing from an 
exchange is likely to be very much greater, it is necessary 
to place the outgoing ends of most of the junctions 
upon office selectors and to arrange for the district 


continues upwards till it finds a disengaged circtfit and 
makes connection to an office selector. 

A similar sequence of operations having taken place 
at the office selector under the control of the sender, 
connection is made to an incoming selector at the 
wanted exchange. 

Now, as the unit of the system is an exchange of 
10 000 subscribers' lines—^numbered from 0000 to 
9999—and as 500 subscribers' lines are multipled on 
each final selector, there will be 20 groups of final 
selectors in a fully equipped exchange. It is arranged, 
therefore, that each incoming selector shall be equipped 
with a multiple of 20 groups of 24 circuits each, out¬ 
going to final selectors, distributed four groups per 
panel. The process of selection at the incoming selector 
is again a matter of tripping a brush, finding a group, 
and finally a disengaged circuit to a final selector: 
this is done by the process used in the previous cases, 
under control of the sender. 

At the final selector a brush has to be tripped, a ^ens 
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selector to find either a junction direct or a circuit to 
an office selector having access to the desired junction 
group. 

As soon as the fundamental circuit is established 
between the sender and the district selector, a clutch 
on the latter is operated and the brushes move upwards. 
After they have taken one, two, three, four or five 
steps the circuit is interrupted by the sender, and the 
brush trip magnet on the district selector operates, so 
that when the brushes again move upwards the one 
associated with the lOO-line section of the panel con¬ 
taining the required junction group will be tripped 
into the active position. There may be several junction 
groups on this section, and therefore the next selective 
operation is to find the right group. The fundamental 
circuit is now re-established, the district selector again 
moves upwards and, as it does so, sends impulses 
back to the sender. The sender counts them and, 
when the number corresponding to the position of the 
group on the panel is reached, the sender again inter¬ 
rupts the fundamental circuit and the district selector 
comes to rest with the brush resting on. the terminals 
of the first circuit in tiae group. If that circuit happens 
to be engaged, the district selector is re-started and 


group found and finally an individual line, all under 
the control of the sender. 

As soon as selection is completed the sender is freed 
and may be used at once for another connection. 

Calls for manual exchange subscribers in the same 
area, which are dialled in exactly the same manner as 
calls for automatic subscribers, are taken by the sender, 
translated and sent out to the manual exchanges, where 
they are displayed on call indicators in front of the 
junction operators as already mentioned. 

It will have been gathered that the ** sender " which 
controls .all these operations is a remarkable piece of 
electrical equipment. In addition to the duties already 
mentioned, however, it fulfils a multiplicity of other 
functions. It has to distinguish the type of exchange 
to which a call is destined, so that it may control the 
operations associated with the progress of a call to an 
automatic exchange in one way, and to a manual 
exchange in another way. It distinguishes between 
calls for a terminal exchange and those for a tandem 
exchange, and causes them to be operated in an appro¬ 
priate manner for each case. It distinguishes between 
connections which will pass out over loaded and 
unloaded lines, and it directs the selector switches in 
the setting up of the proper transmission conditions 
accordingly. 

Certain senders associated with groups of coin-box 
lines test the calling lines and determine whether the 
callers have deposited the necessary coins before^utting 
connections through. They also determine in each case 
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whether a fee is chargeable, and cause the coins deposited 
either to be collected or returned to the callers, "^^^en 
its work is done the sender must cut itself free and 
return to its normal condition in readiness for another 
transaction. 

An idea of the electrical intricacy of a 7-digit sender 
may be gathered from the skeleton diagram shown in 
Fig. 17.* It must be recollected that only a small 
fraction of its total equipment and wiring is illustrated, 
and that such items as the multi-contact “ sequence 
switches are not shown as such, but appear merely 
as conventionally numbered contacts interpolated in 
the parts of the wiring scheme to which they apply. 
In order to read idie diagram intelligibly, it would be 
necessary to have full information as to the time sequence 
in which these contacts are operated by the driving 
mechanism. It will be agreed that the sender is a 
formidable electrical item 1 

Fig. 18 * shows the form of contact brush used on the 
panel selectors, and gives a view of the machine tools, 
assembling and adjusting tools, testing jigs, etc., re¬ 
quired to manufacture it. The contrast between the 
tiny brush and the great array of necessary tools illus¬ 
trates the high degree of machine-shop organization 
involved in modern quantity production. 

The panel system in its entirety includes a multitude of 
electrical circuits of grea|: complexity. It is the product 
of many wonderful brains, and its rapid development 
and installation are the outcome of probably the greatest 
engineering effort so far made in any field of industrial 
endeavour. Its futiM^^' will be followed with keen 
interest by all telephone engineers. 

(9) The Choice of a System for London. 

Four years ago the development of the '' panel" 
S3^tem had reached a stage which placed it far in 
advance of other then existing systems in respect of 
suitability for the equipment of the largest cities. 
The Post Office was eager to start the introduction of 
automatics in London, as many large new exchanges 
were required to provide for development and ^or the 
replacement of existing obsolescent or inadequate 
exchanges, and the installation of these important 
exchanges on the manual S5rstem would have had the 
effect of postponing by many years the ultimate com¬ 
plete conversion of the area to automatic working. 
The panel system was, therefore, very closely studied 
and the opinion reached was so favourable that it was 
decided to proceed as rapidly as possible with the 
preliminary arrangements for its adoption. It was 
admittedly both costly and complex ; much design and 
engineering work stiU remained to be done before it 
could be said to have reached a state of comparative 
finality, and many of its features, which had been 
developed to meet the telephonic conditions of to-day 
in New York, could not without modification be applied 
to the very different conditions of London. On the 
other hand it was obviously a system of unbounded 
possibilities and no one doubted that it could be made 
to meet any legitimate service requirement that might 
arise. A factor not to be overlooked was that it had 
behindlt the high prestige of the American Bell System, 

* 'Not reproduced in the Journal, 


which had staked very large financial commitments on 
its success, and whose able engineers would, for years 
to come, continue to strain every effort to bring it to 
perfection. 

Plans were prepared for a first panel exchange in 
London, to be known as " Blackfriars,” and at the 
same time the Post Office started to negotiate an 
agreement with the Western Electric Co., in accordance 
with which the manufacture of panel equipment would 
have been commenced in England under conditions 
that would ultimately have permitted other British 
telephone manufacturers to obtain a share of the work. 
While these arrangements were proceeding, the sponsors 
of step-by-step automatic systems had not been idle 
or asleep, and early in 1922 the Automatic Telephone 
Manufacturing Co. called our attention to a notable 
development of the Strowger system by the Automatic 
Electric Co. of Chicago, who had succeeded in devising 
and combining with the step-by-step system a call¬ 
storing and translating scheme, which had endowed 
that system with practically the same elements of 
numbering and trunking flexibility that had first been 
conceived in association with the panel system. To 
this new development the name Director System 
was given. The matter was, naturally, one of first-class 
interest and, although the immediate proposals were 
in a somewhat embryonic stage, they were at once 
investigated very fully. ^ 

In association with the Automatic Telephone Manu¬ 
facturing Co.'s engineers, a miniature multi-exchange" 
system was laid out in such a way as to cover as far as 
possible all the different t3^es of service required and 
exchange conditions met with in London, and was 
installed at the General Post Office as a working model 
of the director system. (A similar working model 
formed part of the Post Office exhibit at the British 
Empire Exhibition at Wemble5^) Exhaustive study 
and trial led to the conclusion that the director system 
contained all the essentials required as a basis on which 
to frame a complete equipment of circuits and apparatus 
admirably fitted for the service of such an area as 
London, and it was evident that a practicable alter¬ 
native to the adoption of the panel system had become 
available. In November 1922 I definitely recommended 
the adoption of the step-by-step system, with the 
addition of the director." The main reasons on 
which that decision was based may be of interest, and 
are as follows :— 

(1) The first cost of director exchanges was somewhat 

lower than the probable cost of the panel 
system manufactured in England. 

(2) The fundamental electrical plan of the system is 

very much simpler than that of the panel. 
Circuits for particular purposes are easier to 
design and easier to understand. 

(3) The Post Office engineering staff was already 

familiar with step-by-step systems, and it had 
been found that men could readily be trained 
to undertake all the duties of maintenance. 
The difficulties involved in securing and inten¬ 
sively training the requisite staff for handling 
the panel system—on the large scale of the 
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necessaxy programme—would certaiuly have 
been considerable, and might have involved 
serious delay. 

(4) The apparatus to be employed in the director 

system was all of existing t3npes which had 
stood the test of years of actual use, and which 
could be depended upon to give first-class 
service. The scheme was purely one of new 
electrical circuits and combinations. It was 
possible, even at that early stage, to visualize 
the lines on which circuits for all purposes might 
be designed and, in fact, to see right through 
the eventual London system to a far greater 
extent than was possible in the case of panel 
equipment. 

(5) The director system applied readily and naturally 

to small, as well as to large, exchanges and to 
“ satellite * exchanges as well as main 
exchanges. The panel system had not been 
developed with a view to serving small or 
satellite exchanges. The fact that it could be 
made to do so was not doubted, but it did not 
appear that the solution was likely to be an 
economical one. This would be a matter of 
little importance in New York where the dense 
population of its large business buildings and 
apartment houses, combined with its high 
percentage of telephone development, necessi- 
tates that nearly all exchanges must have a 
capacity approaching 10 000 lines. In the 
“ down-town '' area of New York many of the 
exchange buildings will have capacity for four 
or more exchange units of 10 000 lines each. 
In widespread and less opulent London th.ere 
have to be very many small exchanges and 
satellite exchanges, and it is essential to have 
a system which can be applied economically to 
such conditions. It is estimated that in 10 or 
12 years' time there will be at least 130 separate 
exchanges in the London area. Of these not 
more than about 60 will be. in the business 
districts of the City and West End, and of this 
number only about 30 will have an ultimate 
capacity of 10 000 lines, while about 20 will be 
limited to 6 000 lines. The remaining 80 
exchanges in the area will include about 60 of 
3 000 lines, 20 of 2 000 lines, and 10 of 1 000 
lines. (In several cases two or three exchange 
units of 10 000 lines each will be accommo¬ 
dated in the same building.) 

(6) The Post Office was already committed to several 
variations of the step-by-step system on a 
considerable scale in the provinces, The possi¬ 
bility of using the same system in London 
replaced the somewhat dismal prospect of 
adding another and very complex system to 
the rather divergent group already established, 
by the much more attractive prospect of 
being able to standardize a type of automatic 
system for general use throughout the country. 
As a direct result of the adoption of the director 


♦ \ “satellite” exchange is one provided only with subscribers’line switches 
and ‘local selectors, and dependent upon an adjacent mwn exchanpfor all 
manual services and for the routing and handling of ^1 its external traffic. 


system, a large measure of standardizatiqp has 
since been accomplished, as referred to later. 
It will in future be possible to move staff from 
one district to another as may be necessary, 
without confronting the transferred men with 
unknown types of apparatus and circuits in 
the exchanges. 

(7) Prior to the adoption of the director system, it 
had been ascertained that arrangements could 
be made for spreading the work among the 
regular exchange contractors of the Post Office 
at an early date. The important question of 
supply was thus greatly eased, as existing 
British factories became at once available for 
production purposes. The necessity for placing 
even the initial orders abroad was avoided, and 
the Post Office was able to enlist the co-opera¬ 
tion of the skilled engineering staffs of all the 
contractors who had been producers of step-by- 
step equipment. 

The negotiations in hand for the introduction of the 
panel system were therefore broken off and agreements 
were entered into with the Automatic Telephone Manu¬ 
facturing Co. for the supply of director switching 
equipment for the equivalent of about 66 000 exchange 
lines, and with the Western Electric Co., Messrs. Siemens 
Brothers and the General Electric Co. for smaller 
quantities. Provision is made for existing patents, and 
for future patents during a specified period, to be pooled 
on terms * which will enable the Post Office to call upon 
all the firms to install plant covered by patents in the 
possession of any of them. At the end of the period 
of about three years covered by the contracts it will 
also be possible to utilize the services of other competent 
firms who may desire to take up the manufacture of 
step-by-step automatic equipment. These agreements 
cleared the way for standardization of system, and 
before proceeding to specify circuits and layout a very 
careful comparative study was made of the charac¬ 
teristics of the systems identified with each of the firms 
named, of all of which the Post Office had had practical 
experience. 

‘ Subsequent to the decision to adopt the director 
system, the firm of Siemens Brothers had submitted 
analogous developments styled the "translator" and 
the " by-path'' systwns, applicable to its type of step-by- 
step equipment, and at a later stage the General Elec¬ 
tric Co. also brought forward a proposal to embody in its 
system an equipment of devices having the same object, 
which had been termed the "controller" system. The 
" translator " and the " control!^ " systems existed, for 
the most part, on paper, but they furnished interesting 
evidence of the readiness and flexibility with which the 
long-established step-by-step system lent i'teelf to the 
grafting on of developments designed to achieve a newly 
conceived purpose. 


Standardization. 

It was recognized that the complete standardization 
of the automatic system for Post Office use could not 
be effected in a single step without long initial delay 
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and tj^e temporaxy paralysis of some of our sources of 
supply. The most pressing need was to secure that all 
future automatic exchanges should be of such design 
that they would be able to intercommunicate directly 
one with another, without requiring the addition of any 
special devices or circuit complications for the purpose. 
First attention was therefore given to the standardization 
of electrical circuits and operating currents for all 
inter-exchange purposes, and this has now been accom¬ 
plished. Each contractor is allowed to supply plant 
of his own type of mechanical construction, but all 
types must be capable of operating in the prescribed 
manner on the circuits which represent, for the time 
being, the standard methods of fulfilling particular 
functions. It will therefore be possible to equip any 
area, large or small, with exchanges supplied by any 
contractors who may, from time to time, secure the 
orders for their installation. The subscribers* automatic 
telephone and calling dial, and the operating impulses 
sent therefrom, are rigidly standardized, and the same 
applies to all trains of operating impulses and con¬ 
trolling or signalling currents sent from one exchange 
to another. Much progress has also been made in the 
standardization of the circuits which are purely internal 
to an exchange and do not afiect intercommunication 
with its neighbours. All our contractors are also 
encouraged to unify the details of the mechanical 
construction of their apparatus as much as possible, 
with a view to the gradual evolution of a fully standard¬ 
ized Post Of&ce automatic system. Such standardiza¬ 
tion has, of course, nothing whatever to do with any 
ideas of finality or fixation of practice. It simply 
means that at any given moment there is one standard 
way of making or doing any given thing. Improve¬ 
ments emanating from any source can be studied and 
introduced, not in partial and possibly conflicting ways 
as in a divergent collection of S3^tems, but on a syste¬ 
matic general basis which greatly facilitates effective 
progress. 

The first standardization study soon narrowq^l itself 
down, to a choice among various important features in 
which the systems of the Automatic Telephone Manu¬ 
facturing Co. and of Messrs. Siemens Brothers differed 
from each other. These features could not, as a rule, 
be considered independently; to a great extent the 
adoption of one dictates the adoption of one or more of 
the others. The decisions on the points at issue were 
as follows;— 


(1) Impulses over junction circuits to be signalled 

round the loop, and not over one earthed 
conductor. 

(2) Supervisory signals to manual exchanges and auto¬ 

manual positions to be sent by reversal of 
battery. * 

(3) Subscribers* talking and signalling current to be 

fed to the loop at final selectors, or at outgoing 
junction repeaters. 

(4) Main battery to have E.M.F, of $0 volts (25 cells). 

(6) Registration on subscribers' meters to be effected 

by means of a " booster " battery. 


(6) Subscribers' lines to enter via 25-point rotary 

line switches having a " home" position and 

24 outlets to selectors. 

(7) The “ private" banks on the levels of group 

selectors to have 11 points. 

(8) The “ busy " test on private bank contacts to be 

provided by an earth connection. 

(9) Trunk-hunting switches to be stepped forward by 

individual, self-controlled drive. 

Six of these points (1, 2, 3, 4, 8 and 9) represent the 
established practice of the Automatic Telephone Manu¬ 
facturing Co. 

With regard to point (5), the Department's experience 
with the Automatic Telephone Manufacturing Co.'s 
standard S3^tem of registration—^by means of an 
electro-polarized relay operated by reversal of current 
when the called subscriber replies—indicates that, 
although accurate, it requires special testing and 
voltage-regulation plant to maintain it. For " booster 
battery metering," which has been adopted as preferable, 
the subscriber’s meter, with the normal exchange 
voltage behind it, is wired to the " private " or test 
we at the subscriber's rotary line switch. The meter 
is designed not to operate on this voltage. The " test" 
wire is linked up successively throughout all the switches 
used in a connection up to the final selector in the case 
of a local call, or to the outgoing circuit repeater in 
the case of a junction call. When the called subs&iber 
replies, the operation of relays at the final selector or 
repeats applies a separate booster battery of 50 volts 
to the test wire in senes with tiie Tna.i-n battery for 
about J second. The meter operates on this and its 
armature remains attracted on the normal battery 
voltage—the test wire being normally earthed at the 
final selector or repeater. It is confidently expected 
that this method will give complete immunity from 
false registration. 

It should be mentioned that in " director " areas a 
simpler method of operating the subscriber's meter is 
practicable and has been adopted. In such areas the 
first selector switch, which is next in the train of switches 
to the calling subscriber's rotary line switch and meter, 
contains a relay operated by the reply of the called 
subsmber. A separate conductor can therefore be 
provided, at little cost, between the two switches, 
enabling metering to be effected by the simple closure 
of the meter circuit when the called subscriber answers. 

The use of subscribers' rotary line switches with a 
" home " position—^point (6)—^is made necessary by the 
system of grading the outlets from the line switch 
banks to the first selectors. With graded outlets it is, 
of course, necessary that search over .a level shall always 
start from the first outlet on that level. 

The use of an 11th contact on selector levels_ 

point (7) ^is dictated by the desire to obtain traf&c 
overflow measurements on ea(^ working level. 

As soon as the leading characteristics of the general 
system had thus been determined the process of assimi¬ 
lating it to the director method of operation, and of 
designing the circuits and plant layout for aU classes 
of service, began. For many months the engineers 
and tra£5.c expert of the-Post 0£S.ce automatic group 
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were engaged in almost daily discussions with the 
engineers of the four large contracting companies who 
are responsible for the manufacture and installation of 
the exchange plant. The matter involves the con¬ 
sideration of masses of meticulous technical details, 
and great numbers of proposals and devices have been 
suggested, considered, tried out, and accepted or 
rejected. This work is now complete, so far as the 
ini tial system is concerned. Equipment for several 
large exchanges is now in course of manufacture, and 
in the cases of the Holbom exchange and the mechanical 
tandem exchange the work of mstallation in situ has 
been commenced. It may be mentioned that it takes, 
under present conditions, about 6 months to plan the 
traffi-C and engineering details of a large automatic 
exchange, about 12 months to manufacture it, and a 
further 12 months, or more, to install it in position 
and tune up its circuits for service. 

In a field m which invention has been so rich as in 
that of automatic telephony, it is impossible to choose 
and stardardize a. single S 3 rstem without a certain 
measure of regret that features of great interest and 
utility associated with other S 3 rstems. have necessarily 
to be sacrificed. The facilities:for large group selection 
which are inherent in the panel system were not. given 
up without reluctance, although it is believed that; an 
excellent substitute for them is provided in association 
with the step;by-step system by the methods of grading 
smaller groups, of outlets , and, if necessary, interpolating 
additional trunk-hunting switches, as already referredto. 
The “ rotary system of' the. Western Electric Co. also 
includes many attractive features which.are,not,applic¬ 
able to the.selected system. The same;applies to.the 
striking machine-driven system recently introduced by 
Messrs. Ericsson of, Stockholm and' now,, installed at 
Rotterdam and elsewh^e. The 600-point selector 
switches of this system, and the method of; constructing 
its multiple, fields, are of, great interest to telephone 
engineers. The Relay Automatic Telephone^Co.'s system 
had also shown itself to .be^>.convenient and economical; 
system, at least for the. smaller exchanges. But these 
systems all differ fundamentally from the step-by-step 
system and could only be made to intercommunicate 
with it by the addition of costly and complex special 
devices for interchanging traffic. The mherent com¬ 
plexity of even a perfectly uniform automatic system 
serving a large atea is necessarily such that any de¬ 
liberate pdlicy of including in it exchanges of radically 
different type could not be entertained. 

I am far from asserting that the London system will, 
in 20 years* tune, necessarily stand as a model for the 
world to copy, but I am confident that the adoption 
of the step-by-step S 3 rstem, with the notable addition 
of the automatic '‘director** and other technical 
developments as worked out for London, represents 
the most practically suitable and effective way in which 
the telephonic needs of the next generation can be met 
in that great and important area. 

It is understood that it has now been decided to 
install a step-by-step automatic system in Berlin, and 
that the same applies to the system of reconstructed 
exchanges which will replace those recently destroyed 
by the earthquake in Tokio. 


AND AUTOMATIC TELEPHONES: 

(10) The Automatic Electric Company*s^ 

" Director ** System. 

It has already been mentioned that the addition of 
the " director ** to the long-established Strowger auto¬ 
matic system has endowed that system with facilities 
which enable any required connection to be set up by 
means of trains of controlling impulses having no 
necessary relationship with the impulses sent in from 
the calling dial of the originating subscriber. 

The function of the director is to receive and store 
the call in its original form, and to proceed to send it 
out into the exchange switching mechanism, translated 
into any trains of impulses which may be required by 
the existing layout of junction routes and switching 
centres, to steer the call through, link by link, to the 
line of the required subscriber. As soon as the required 
connection has been established, the director disconnects 
itself from, the line and becomes available for other 
calls. 

The London subscriber's calling dial will carry a 
combination of letters and digits similar to that already 
ref^jrried to. in connection with the panel system, and the 
arrangement of exchange names and numbers in the 
telephone directory wilL also be identical with that 
adopted for the panel'system. 

It should be noted h^e that the translation effected 
by the director, applies not only to the number of 
impulses, in, a^ train but also to the number of trains 
sent. The subscriber will be required to signal 3 letters 
and. A digits for each call, but the director can transfonn 
these 7 impulse-trains»into* any number of directive 
trains from 6 to lO.*; This attainable maximum provides 
more than, adequately for any possible future require¬ 
ment of:the London system, or any other system. 

The, director consists, of 9 switches with associated 
relays and a cross-connecting field. Two switches are 
of the usual Strowger t 3 ^e having vertical and hori- 
, zontal movements j these are designated the ' A 
switch and “ BC„** switch respectively. Two switches 
are of^ the pre-selector type and are designated the 
"sending switch** and the "sending control switch.** 
Five switches, designated " minor switches,** are 
practically small Strowger switches* with rotary move¬ 
ments only. Four of these switches are used as digit- 
'storing registers and one as an impulse distributor. 

The " A ** digit switches are grouped on separate 
racks and do not form part of the assembly of an indi¬ 
vidual director, which includes all the other pieces of 
apparatus mentioned, mounted on a rectangular frame 
measming about 24 in. x 18 in. (see Fig. 19). 

The " A ** digit switch receives the first train^ of 
impulse dialled by the subscribers, which corresponds 
to the first code letter of the exchange required. Each 
level of the " A ** switch is associated with a separate 
group of directors set apart for effecting connections 
with exchanges having names commencing with the 
same, or an equivalent, letter, and the " A ** switch, 
having been dialled to a particular level, searches to 
find the " BC *' switch of a free director on that level. 

The second and third trains of dialled impulses are 
received by the " BC ** switch ; the second train lifts 
the switch brushes to one of the 10 levels, and -flie third 
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train rotates the brushes to a particular set of contacts 
on tllat level. The ** BC ** switch is equipped with 
6 brushes and 6 separate sets of bank contacts. Thus 
the dialling of the second and third of the three initial 
or “ code letters of the required exchange has set 
the BC switch of a director in a particular group 
to 6 particular multipled contacts, and has closed 
6 circuits which will always be closed by any subscriber 
who dials that exchange code. The 6 circuits thus 
set up, when suitably cross-connected, enable the 
switches of the director to send out any desired number 
of trains of impulses from 1 to 6 (each train consisting 
of any number of impulses from 1 tp 10) and so steer 


appropriate group (ABC = level 2 ; DEF = level 3 
etc.). 

The directors of each group are capable of serving 
81 exchanges, and as 8 group levels are available on the 

A switch the total number of exchanges which 
could be served without mechanical modification of the 
directors is 6.48. This is so far above the number of 
exchanges ultimately required in London that the 
cross-connection field has been designed to serve 
36 exch^ges in each director group, or a total of 280. 
Even with this reduced number abundant spare space 
can be left, on the directors appropriated to each three 
initial letters, to avoid any restriction in the choice of 
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Fig. 19.—^View of director assembly. 


the call by its prescribed route to any required exchange 
where the direct operation of the final 4 trains, repre¬ 
senting the numerical digits of the dialled number, will 
reach the line of the called subscriber. 

It will be noticed that the initial letter of the exchange 
code—absorbed in the ‘'A*' digit switch—does not 
pass into the director and is not subjected to translation. 
It is found that the total quantity of apparatus required 
can be reduced by confining translation to the second 
and tlfird code digits, and setting apart a group of 
Rectors to h^dle calls for the exchanges having 
initial letters with the same numerical equivalent. The 
&st train of impulses is therefore used to select the 
level Ox the A^" switch which gives access to the 


exchange names on that account, although such restric¬ 
tion could easily be apphed if necessary. 

Under average conditions, a director to which properly 
graded access is provided will carry about 72 calls in 
^e busy hour and will be occupied with each for about 
20 seco^. To serve a busy city exchange the installa¬ 
tion of from 160 to 180 directors is necessary. 

The operation of the director can be examined in 
i^re detail with the aid of Fig. 20. The subscriber on 
hftmg his receiver obtains, via the bank of his rotary 
Ime switch, a first code switch in the ordinary exchange 
system, and at the same time the " A switch-finder 
himts to find a free A switch, from which the 
silbscnber receives the " dial tone informing hiTn that 
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he may proceed to turn in the call. Suppose the 
subscriber wants the Avenue exchange and dials 
AVE 2468, which corresponds to 283 2468. The A is 
received by the " A switch, the brushes of which are 
lifted to the second (or ABC) level, and a free BC ” 
switch in the group of directors associated with that 
level is found. 

The train of 8 impulses corresponding to V is dialled 
into the vertical magnet of the BC switch, via the 
impulse distributor, the two brushes of which are 
standing on the first pair of contacts. At the end of 
this train the impulse distributor takes one step, and 
the train of 3 impulses, corresponding to E, are received 


It may be assumed that direct junctions to the 
Avenue exchange can be reached through two "ranks 
of code switches at the originating exchange and that 
the translation in the director required to set up these 
switches is to be “ 2, 6.” That is to say, only two 
trains of impulses are required, out of the possible six 
trains provided for, via the six brush circuits of the 
''BC'* switch. If additional ranlcs of code switches 
at an intermediate switching centre had been involved, 
a correspondingly greater number of trains would have 
been necessary. The translation is effected by cross¬ 
connecting the first of the particular six bank contacts 
of the " BC ” switch to contact No. 2 of the " sending 


i^-CODE 2»!?C00E I? 2W> FINAL 

SWITCH SWITCH NUMERICAL NUMERICAL SWITCH 

SWITCH SWITCH 



by the horizontal magnet of the " BC " switch. The 
six brushes of the " BC " switch are now set on the 
third contact of the eighth level in each bank. 
The impulse distributor brushes now step to its third 
pair of contacts. 

Dialling proceeds and the trains of dialled impulses 
representing the called subscriber's number are succes¬ 
sively routed by the impulse distributor to the four 
digit registers which are set in the positions 2 on the 
thousands register, 4 on the hundreds register, 6 on 
the tens register and 8 on the units register. The call 
has now been received and stored in the director, but 
before this operation is complete the process of sending 
it forward in its transformed shape has already been 
begun. 


switch" bank, and the second bank contact of the 
" BC " switch to contact No. 6 of the sending switch. 
The superfluous bank contacts (Nos. 3, 4, 6 and 6) of 
the " BC " switch will be connected to the " sending 
control switch," via the terminal marked " D.C.O." 
(digit cut-off), in order to step that switch to the correct 
position for discharging the digit registers at the proper 
moment. 

After the three code letters have been dialled in, the 
impulse distributor brushes will have moved to the 
third pair of contacts and the sending control switch 
will be standing on its first contact. The earth-con¬ 
nected brush of tlie impulse distributor will therefore 
complete a circuit, via brush 1 of the " BC "^switch 
and the cross-connection, to contact No. 2 of the 
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" sendULng switch/* which will thus be earthed. At the 
same moment the earth-coimected brush completes a 
circuit, permitting impulses from the interrupter springs 
of a continuously running impulse 'machine to be 
directed to the sending switch magnet, and the switch 
begins to step over its contacts. At each step an 
impulse is sent to the first code switch over the " pulsing- 
out *' circuit indicated in the figure. When the sending 
switch brush reaches its second contact, which has been 
" marked ** by the sending control switch, it encounters 
the earth connection and a relay is operated which 
prevents further impulses from being sent to the first 
code switch. The sending control switch now steps 
forward to the second BC *' brush circuit and the 
sending switch returns to normal. Meantime the first 
code switch brushes have entered the second level of 
its bank contacts and found an outlet to a free second 
code swritch. 

The sending control switch brush, now standing on 
its second contact, makes an earth connection, via 
brush circuit No. 2 of the " BC ** switch, with contact 
No. 6 of the sending switch. The sending switch again 
steps forward and now sends 6 impulses to the second 
code switch before its impulses are stopped by the 
earth on its contact No. 6. The second code switch 
brushes are stepped to level No. 6 and find a free line 
to the Avenue exchange, whilst the sending switch 
again returns to normal and the sending control switch 
steps to position No. 3. From this position it finds a 
circuit in turn, via brushes Nos. 3, 4, 6 and 6 of the 
"BC" switch, which.represent superfluous translation 
circuits and have all been joined, by a cross-connecting 
wire, to the " digit cut-off *' terminal. The brushes of 
the sending control switch are therefore carried straight 
forward to position No. 7. Positions 7, 8, 9 and 10 
connect with the four " digit registers ** on which the 
Avenue number of the called subscriber has been stored. 
From these positions the switch will now successively 
control the sending of the thousands, hundreds, tens, 
and units digits. As these do not require translation 
the banks of the digit registers are multipled«directly 
to the sending switch. The impulses for these digits 
are sent out over the junction line to Avenue and set 
up the numerical switches at that exchange. Imme¬ 
diately after the imits digit has been sent out from the 
director the latter is released from the first code switch, 
all its parts return to normal, and the calling subscriber 
is connected through to the final numerical switch at 
Avenue, from which the required subscriber is being 
rung. 

The " pulsing-in ** circuit over which the subscriber's 
impulses pass into the director remains entirely separated, 
at the first code switch, from the " pulsing-out " circuit 
over which the director passes forward the call through 
the code and numerical switches until the connection 
has been completely set up and the director baa been 
dropped. Pulsing-out commences as soon as the 
exchange code portion of the number has been disdled 
in, i.e, as soon as the impulse distributor reaches its 
third contact and connects earth to the sending control 
switch and to the interrupter of the impulse machine. 
The periods of storing the call and of sending it forward 
thus overlap ea^ph other and the actual delay in estab¬ 


lishing connection with the called subscriber is, on the 
average, only about 2 seconds greater than it would 
be if the call were dialled straight into the switches. 

As a theoretical example of a niore complex case of 
routing, involving the use of intermediate switching 
centres and the utilization of all the six available 
translation channels, it might be assumed that a call, 
say, from Ealing to Ilford, would be dealt with as 
follows The exchange code ILF (463) would have its 
second and third digits translated in the director to 
234667. Digits 2 and 3 would operate first and second 
code selectors in Ealing, and gain access via an outgoing 
junction to a tandem selector in Holbom. Digits 4 
and 6 would operate first and second tandem selectors 
in Holbom and reach a tandem selector in Maryland. 
Digits 6 and 7 would operate first and second tandem 
selectors in Maryland and reach a first numerical 
selector in Ilford. The four untranslated numerical 
digits of the subscriber's number would then follow 
and effect connection with the called line via the first 
and second numerical selector, and a final selector, at 
Ilford. 

The actual circuit arrangement of the director system 
is necessarily somewhat complex, and a discussion of 
it in any detail is not within the scope of this paper. 
(Mention should, however, be made of an innovation 
as regards the position of the battery feed to the calling 
subscribers. Hitherto on the Automatic Telephone 
Manufacturing Co.*s system this has always been focated 
either at the final numerical switch or on the outgoing 
junction repeater. In the director system as adopted 
by the Post Office it will be located at the first code 
switch, thereby rendering outgoing junction repeaters 
unnecessary, except on tandem routes, and effecting a 
very appreciable economy in London and other large 
areas where the percentage of junction traffic is large.) 

Director Translations. 

Fig. 21 is a sketch of the arrangement of the transla¬ 
tion jumper field. On the left of the drawing six sets 
of bank contacts each connected to a set of 81 terminals 
are indicated. Each of these six sets of terminals repro¬ 
duces the bank contacts of the " BC *' switch corre¬ 
sponding to eatfh of the six brushes and is wired out to 
these terminals as indicated by the brush, or " wiper,** 
numbers. 

Levels 2 to 0 and contacts 2 to 0 on each level only 
are so wired out, level 1 and contact 1 being omitted 
since there are no letters equivalent to digit 1 on the 
lettered dial. At the centre of the assembly there are 
36 sets of six exchange terminals, each set being labelled 
with an exchange name and wired to the tags representing 
the positions on which the six brushes rest when the 
code of that exchange has been dialled into the " BC *' 
switch. Between every two sets of exchange terminals 
one set of D.C.O. (digit cut-off) terminals is fitted. 
On the right-hand side are 36 sets of digit terminals 
numbered 1 to 0, each vertical row of which represents 
one of the 10 bank contacts on the sending switch and 
digit registers. 

Cross-connections are made between the six exchange 
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tenninals and the 10 digit terminals as required to give 
the desired translation. 

The terminals marked " CO are used for clearing 
the director when it is required to route a call by code 
translation only, without numerical digits. Certain 
service calls will be dealt with in this manner. 

The terminals marked “ OPER are used to route a 
call to an operator after the dialling of digit 0 by the 
subscriber. Such a call will find a director but will 


(1) Siibscnher to sidbscriber calls (subscriber dials 
3 code and 4 numerical symbols). 

{a) Translated to 1 code selection, followed by 4 nu- 
mericals, e.g. if the subscriber dials “ AVE ** 1234, the 
AVE exchange terminals will be coimected as 
follows:— 

Terminal 1 will be jumpered to the digit terminal 
corresponding to the pulses required to be sent to the 
code selectors. 
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Fig. 21.—Diagram showing arrangement of translation jumper field of director in 200 (ABC) group. 


not operate the " BC'' switch. A special relay, operated 
on 0 level calls only, is introduced into the director and 
sets up connections similar to a setting of the '' BC'' 
switch brushes, giving at once the desired translation. 
Arrangements are such that any predetermined director 
in any group can be reached from the 0 level of the 

A digit switch for this service. 

The various cross-connections used to give the 
different services required may be briefly summed up 
as follows;— 


Terminals 2, 3, 4, 6 and 6 will be connected to the 
nearest D.C.O." terminals. 

The numerical digits will be repeated as dialled into 
the digit registers by the calling subscriber. 

{b) Translated to 2, 3, 4, or 6 code selections, followed 
by 4 numericals.--The same method is followed as 
under [a), i.e. exchange code tenninals axe jumpered 
to the digit terminals required. The unused exchange 
terminals are always connected to the nearest I^.C.O. 
terminals. 
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The numerical digits are repeated as dialled. 

(c) Trarislated to 0 code selections^ followed by 4 
Mericals .—^The same method is followed as under (a), 
i.e. exchange code terminals are jumpered to the digit 
terminals required. As all the exchange terminals are 
thus used, no connection to the '' D.C.O.” terminals is 
required. 


exchange terminals designated “ OPER ” are jumpered 
as described under 2 (a) above. 

(3) Vacant exchange codes. 

All vacant exchange code terminals associated with 
wiper 1 (only) are " commoned and jumpered to the 
nearest " SC, i.e.'' spare code " terminal. The dialling 
of one of these dead exchange codes causes the director 


MANUAL SUBSCRIBER TO AUTOMATIC SUBSCRIBER 



CALLED. 

SUBSCRIBER 


AUTOMATIC SUBSCRIBER TO MANUAL SUBSCRIBER 


CODE 

Cl ft A DISTRICT) 

SUBSCRIBERS SWITCH CALL 
LINE SWITCH - 


CALLING 

SUBSCRIBER 



POSITION 
APRARATUS 
INaUDING - 

I MARKER DISTRIBUTOR 
5 MARKERS 

I DECODING RELAY GROUP 


CALLED 

SUBSCRIBER 


Fig. 22.— ^Diagram ot call indicator transfer method. 


(2) special service calls, 

(a) Subscriber dials special service 16-letter code, not 
followed by numericals, e.g. TOL. The same method 
is followed as under 1 (a) or 1 (6), i.e. the exchange 
code terminals are jumpered to the digit terminals 
necessary to route the call to the destination required. 
The first unused exchange terminal is jumpered to the 
near^t " C.O.'' terminal instead of the “ D.C.O.*' 
terminal, and the remaining terminals are left discon- 
nected-r 

(h) Calls to operator {subscriber dials ” Q **),—^The 


to be released immediately the third code digit is 
dialled, and the subscriber receives the " number 
unobtainable " tone signal. 

Call Indicator Working. 

Until the conversion of London to automatic working 
is fully completed^ which may occupy a period of from 
16 to 20 years, manual working will exist side by side 
with automatic working and arrangements are necessary 
to ensure smooth operation between the two systems 
during the interim period. 
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Traffic from automatic to manual exchanges will be 
handled by means of “ call indicator ** positions at the 
manual exchange, as illustrated in Fig. 22. The auto¬ 
matic subscriber will manipulate his calling dial in an 
identical manner for all calls. If the call be for a 
manual exchange the operation of the three initial 
letters of the exchange name will steer the call through 
to an available incoming junction operator's position 
at that exchange, and the further operation of the 
four numerical digits will cause the required subscriber s 
number to appear visually on a call indicator" in 
front of the junction operator. This operator will, 
without speaking to the calling subscriber, connect the 
circuit manually to the required subscriber's line. She 
may use any one of her plugs and cords for this purpose ; 
the act of plugging into the subscriber's line jack brings 
into operation a " cord trunk hnder " which connects 
the plug and cord to the junction upon which the 
displayed number has been pulsed. 

In the converse case for a subscriber connected to an 
exchange not yet converted to automatic working, two 
methods are available by which the manual exchange 
operator may deal with the call if connection with a 
subscriber on an automatic exchange has been asked 



Keyboard sending strip 


12345 12345 1234 5. 12345 
6 7 8 S ole 7 8 9 016 7 8 9 016 7 8 9 0 
Display panel of call indicator position 
Fig. 23.—Key sender and call indicator. 

for. The first method (see Fig. 22) provides that she 
shall pass forward the call verbally, by order wire, to 
an incoming junction operator at a special " B " switch¬ 
board in the automatic exchange. The latter operator 
will assign a junction circuit, by pressing an assignment 
key, and will set up the call by means of a set of plunger 
keys known as a key sender. The automatic plant does 
the rest and clears the key sender for further use as 
soon as the call has been steered through to its 
destination. 

In the second method the operator who answers tlie 
call from the subscriber at the manual exchange is 
herself provided with sets of key senders, on one of 
which she can set up the call and so direct it forward 
through the automatic plant at the distant exchange to 
the required subscriber's line, without the co-operation 
of a junction operator. The adoption of one or the 
other method depends upon the local conditions at the 
exchanges in the area, but the first method, wdiich 
avoids the need for special equipment at the answering 
operators' positions, is generally to be preferred and has 
been adopted for London. Fig. 23 shows the arrange¬ 
ment of keys on the key senders, and illustrates the 
manner in which the called number is displayed visually 
on the call indicator. 


In its operating principles the system of " call 
indicator " working adopted for London is similar to 
that invented for use in connection with the panel 
system, but the London system contains several novel 
features which warrant a further brief reference. It is 
termed by the Automatic Telephone Manufacturing Co. 
a " coder call indicator system " and its object is to 
minimize the number of automatic switches necessary 
to display a call at a manual exchange, and to provide 
facilities for even traffic distribution of calls from all 
exchanges among the operators. Its operation is briefly 
as follows :— 

At the originating automatic exchange the director 
impulses, instead of passing directly to line and to the 
distant exchange from the outgoing switch, are stored 
in the relays of an equipment assembly termed a 
" coder," which is at the same time connected to the 
junction line. At the manual exchange the connection 
of the coder to the line at the distant end routes the line 
to a set of incoming " decoder " relays by means of a 
" marker " controlled by a " marker distributor." Five 
markers and one marker distributor are provided for 
each call indicator position. When the junction line 
had been routed to the de-coder of the call indicator 
position the coder at the originating end is permitted 
to discharge. The decimal settings of the coder relays 
are translated and transmitted over the Ime as coded 
impulses of positive, light negative, and heavy negative 
currents, and stored in the de-coder relays. As spon as 
the display lamps are freed from the previous call this 
setting is transferred to a group of numerical relays which 
cause the called number to be displayed by the lamps 
in the display panel in the usual way. The arrangements 
are such that while one call is on display at each position, 
an indefinite number may be stored on coders at the 
automatic exchange. Whilst one call is being displayed, 
five markers per position will be connected to junction 
lines associated with an equal number of waiting coders, 
and the traffic will thus be kept in order of priority. 

The discharge of the coders into the de-coding r^ays 
occupies* 1 second, and transference from the de-coder 
to the display panel is immediate. 

At the manual exchange, traffic reaches the positions 
in cyclic disengaged order in quantities that correspond 
to the operators' abilities, and in queue formation at 
each position. Positions at “which either all receiving 
relay sets or markers are engaged are treated as busy 
and passed by the marker distributor. A call displayed 
on the display panel is not directly associated ydth any 
one cord circuit on the positioh. The plugging-in of 
any idle cord to the multiple jack of the required number 
immediately starts a finder switch, which hunts for the 
calling line, connects the cord to it, and switches out 
the lamps on the display panel. 

The cords are not normally used for the completion 
of service calls. Such calls are operated by the depres¬ 
sion of a service key which causes a finder switch to 
hunt for the calling line and connect it- to a service 
operator's position. Busy calls receive the engaged 
tone by the operation of a key in a similar manner. 
This reduces the. number of cords required, and is a 
factor of value in some cases where the cord edacity 
I of manual exchange " B " positions is restricted. 
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E^ch call indicator position is equipped with 36 cord 
circuits and it is expected that each operator will handle 
460 calls during the busy hour. This is probably a 
conservative estimate. 

It will be appreciated that before the first equipped 
automatic exchange can be brought into use the whole 
of ^e existing manual exchanges in London must be 
equipped for call indicator working. It follows, there¬ 
fore, that during the i n itial stages of automatic working 
over 90 per cent of the automatically originated inter- 
^(^ange traffic in London will be handled at call 
indicator positions. This percentage will gradually 
decrease as more automatic exchanges are brought 
into use, and will finally be extinguished. An automatic 
subscriber, however, apart from any local knowledge 
which he may possess, will be quite in ignorance as to 
whether his call is going to another automatic exchange 
or to a manual exchange. His operations will be alike 
in both cases—he will dial three code letters and four 
digits, and in both cases he will receive the same tones, 
etc., to indicate to him the progress of his call. When 
complete conversion to automatic working has been 
OTected, the whole of the call indicator equipment will 
tove disappeared, together with all coder equipments 
at the automatic ex^ianges themselves. 

It may be urged that this method of tackling the 
problem-IS wasteful, inasmuch as call indicator equip¬ 
ments will be progressively thrown out of service during 
tte penod of. transition. An obvious alternative would 
be to install automatic equipment at each manual 
^change, of a capacity sufhcient to deal with the 
incoming junction traffic and having the subscribers’ 
hues multiplied on the final selectors in parallel with 
the multiple on the manual board. Then when the time 
arny« to convert the manual exchange to fuU automatic 
workup the automatic plant already installed could be 
worked mto the full scheme at that or another exchange 
and httle w^tage of plant would result. The posS- 
bffit^ of this scheme were fully considered, but serious 
objections to its adoption revealed themselves. These 
arose m^y from the lack of adequate 'building 
^ommodation for the interim automatic plant, from 
tte extensive changes to subscribers’ numbers to provide 
or ^tomatic private branch exchange service which 
would be immediately necessary, and from the need 
for ^nsive additions to the manual exchange power 
pl^t in order to permit the use of standard 60-volt 
automatic switches. Considerable difficulty has, in 
fact, been experienced in many cases in finding adequate 
^mmodation for the plant required at manual 
^changes for toe indicator equipment, although 
toe space required is mudi less than that needed for 
the alternative scheme. 

Mweovtt, toe wastage of caU indicator apparatus 

be mruTtnized by toe use in other large areas such 
w Manchester Birmingham and Liverpwl, of dhuip- 

mutoofr®^^ “ exchanges, and probabfy 

of ^ remam m service during, the greater part 

of its economic life. . ^ 

Cordijbss «B’' Positions. 

a* a manual 'exchange for an 
automatic exdmge can be handled in two differait 


wa^. as already indicated. In the method adopted, 
each auto^tic ^change is equipped with special 
mwual B” positions and demands are passed, by 
OTder wire, to these positions from toe “ A *' operators 
at toe originating manual exchange. The operating 
procedure at » A ” positions is identical with toe 
pr^ure to manual exchange " B ” positions. The 

B operator at toe automatic exchange sets up toe 
caU on the automatic switches by means of key sending 
eqmpment. As this operator is not required to handle 
^y otoer class of traffic, key sending equipment is used 
m preference to dials, since quicker and more efficient 
Operating is obtained thereby. 

The other of these alternative, methods' would require 
t^t ^ manual fflcchange " A ” positions in London 
should be equipped with dials and dial keys, and, since 
It would not be possible in many cases to dial from 
toe manual ^change cord circuits directly into toe 
autmnatic switches, it would be necessary to equip 
most of toe mcoming junction lines with " dialling-in " 
Theaters at toe automatic exchange. Further, the 
mcre^ed amount of operating per call at the '' A ” 
positions would so increase toe operators’ load that a 
large number of additional "A” positions would be 
required m London to handle toe volume of traffic 
durmg toe busy hour. The cost of adopting this alter¬ 
native, without serious interruption to service, would 
be so great, as compared with the cost of the method 
adopted, that toe latter was preferred without hesitation. 

In order to cater for traffic from manual exchanges, 
each automatic exchange will therefore be equipped at the 
outeet with a suite of cordless » B ” positions equipped 
with key senders (see Fig. 22). The key sending eqffip- 
ment consists of a strip of digit keys associated witii 
four sender finders which route toe digit keys 
to a fr^ sender. The registers which are wired to 
the bank contacts of the sender finder consist of four 
groups of four relays, one group for each digit. These 
relays, are operated by the digit keys either singly or 
m combinations of twos or threes to obtain all digits 
from 1 to 0. The setting of the relays determines the 
making of a contact on the sender switch by 
of which impulses are sent out to the exchange numerical 
switches in a manner very similar to the method 
used for sending out the numerical impulses from the 
director. 

The junctions from the manual exchange are brought 
through the cordless '' B'' position and carried on to 
a first numerical switch on which they terminate. At 
the position each junction is associated with a group of 
relays, and an assignment key and lamp for each junction 

fitted as part of the face equipment of the position. 
The operatmg procedure is simple and is as follows 

operator at the manual exchange passes a 
demand by order vme to the cordless " B '' operator. 
The latter allots a junction and immediately depresses 
th^e assig^ent key of the allotted line. This causes the 
allotted junction and the operator's digit keys to be 
c^nected to a free sender with associated registers. 
The operator then depresses in proper sequence the 
four digit keys corresponding to the four figures of the 
called subscriber's number. These four figures are 
routed by meaps of a control switch to the four groups 
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of register relays, which are operated and locked in 
the proper combination simultaneously with the de¬ 
pression of the digit keys. (After the depression of the 
last key—^the fourth—^the set is at once available for 
another call.) The bank contacts of the sender switch 
are thereby marked and impulses are sent out to the 
numerical switches. Sending cannot commence, how¬ 
ever, the operator at the manual exchange has 

taken the allotted junction line. When ail sending is 
finished the sender and registers are disconnected from 
the junction line and the latter is switched through, 
via the numerical switches,, to the called line. 

A supervisory lamp is associated with each junction 
line at the cordless “ B " position. Aiter depression of 
the assignment key on an allotted junction the operator 
must not proceed with the setting up of the required 
number on her digit key strip until a signal is received 
on this lamp to indicate that a free sender has been 
found. The provision of senders is on such a basis that 
no delay is likely to occur at this stage. The super¬ 
visory lamp will fiash until the originating A operator 
takes the allotted line, after which it will glow con¬ 
tinuously until the ** A operator clears at the end of 
a conversation. 

Should the A " operator connect to a line other 
than that allotted, the supervisory lamp on that line 
will flicker rapidly to indicate to the B operator 
that a^ wrong connection has been set up. 

Centralisation of Manual Boards. 

When sufficient automatic exchanges in London axe 
in use the cordless B " positions and special A 
positions for operator service, etc., instead of being 
equipped in each automatic exchange, will be centralized, 
the centres being so chosen, to serve a group of adjacent 
exchanges, that economical use of line plant is achieved. 
There will be a number of such manual centres in London 
when the automatic traffic in the individual areas has 
reached a certain density. Great advantages in the 
design and cost of automatic exchange buildings will 
result from the centralization of manual board traffic, 
since these buildings will not be required to accommodate 
the manual switcluroom and operators' quarters. 

The Mechanical Tandem Exchange. 

In the London area there are a large number of com¬ 
paratively small exchanges with small groups of junc¬ 
tion lines to and from each of the larger exchanges. 

As a result of the traffic inefficiency of small groups, 
and of the fact that order-wire working is ruled out, 
the busy-hour loads carried by these junctions are 
very low and their operation is uneconomical. Fre¬ 
quent consideration has therefore been given to the 
introduction of one or more tandem junction exchanges, 
at which all the junctions to and from each, small ex¬ 
change could be concentrated and thus form a group 
suitable for order-wire working. Such a scheme could 
not, however, be shown to possess any economic ad¬ 
vantage, on account of the cost of introducing a third 
operator on each tandem connection. The develop¬ 
ment of the automatic call indicator scheme mcreased 
the possible speed of operating and ^so favoured the 


introduction of tandem junction working, and the 
advantage of introducing automatic tandem switching 
plant was, naturally, considerably increased by the 
decision to adopt the automatic system at London local 
exchanges. The installation of a mechanical tandem 
exchange has therefore been pressed forward, in 
advance of the completion of the first local automatic 
exchanges. 

The mechanical tandem exchange is now being 
installed in the same building as the Holborn auto¬ 
matic exchange. In it will be concentrated the 
outgoing and incoming junctions from the smaller 
exchanges as well as a number of junctions to prac¬ 
tically all the other London exchanges. 

At the beginning of its life, and for the period which 
will elapse before conversion to automatic working in 
London is completed, the mechanical tandem exchange 
will be required to route traffic as follows :— 

From manual exchange to manual exchange. 

From manual exchange to automatic exchange. 

From automatic exchange to automatic exchange. 

From automatic exchange to manual exchange. 

The method of handling this traffic is indicated by 
Fig. 24. Traffic from the “ A " positions of a manual 
exchange will be dealt with in a similar manner to the 
traffic incoming to a cordless " B " position at an auto¬ 
matic exchange. The “ A *' operator.. will " order 
wire " the call to the cordless " B " operator at the 
tandem exchange, who will set up the call to the auto¬ 
matic switches via her key sender. In this case, how¬ 
ever, since the exchange code must be set up in addition 
to the subscriber's number, the send^ is associated with 
a translating unit, similar in principle to the director, 
and with a coder. If the call is for a manual exchange 
it will be directed to a call indicator position at that 
exchange, and the numerical portion of the required 
number—transformed into the correct impulses by the 
coder at the mechanical tandem exchange—will efiect 
the required display on the lamp pandL at the call 
indicator position. If, however, the cah is for an auto¬ 
matic exchange the cross-connections in the translator 
jumper field will be such as to suppress the operation 
of the coder, and the numerical digits will go out to 
the switches at the automatic exchange in the regular 
manner. 

Traffic originated in an automatic exchange will be 
carried direct from the levels of the outgoing switches 
to the first tandem switches at the mechanical tandem 
exchange. In the case of a call for a manual exchange 
a coder—interposed between the manual levels on the 
first tandem switches and the second tandem switches— 
will come into operation as soon as the second tandem 
switch has been operated, and the numerical portion 
of the required number will he stored in the coder and 
converted, as already desmbed, for display at the cah 
indicator position. A call for another automatic 
exchange will pass out via levels on the first tandem 
swit(ffies which are not equipped with coders, and the 
call will he routed steaight through the switches as 
determined by the impulses from the director at ilie 
originating automatic exchange. 
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As the conversion of London to automatic working 
procdfeds, the traffic incoming to the mechanical tandem 
exchange from manual exchanges, and the traffic out¬ 
going to call indicator positions, will decrease and wiU 
ultimately fall to zero. The whole of the ti'affic will 
then be purely automatic and will be routed direct 
through the switches, as at other main switching centres 


nection will dial TRU if on a director exchange. (The 
letter " O " is used for this purpose at non-director 
exchanges in the provinces.) In the group where 
trunk calls are permitted the call will be routed to a 
record operator, but in the group where such calls are 
barred the call, if made, will be routed to a special 
operator and dealt with accordingly. 



in the ^ndon system. The cordless B ** positions 
and their equipment will no longer be required for their 
original purpose, and it will probably be desirable to 
utiKze them for passing traffic from towms in the London 
toll area into the automatic S 3 ^tem. This question 
will be considered in due course, as the cordless B'' 
positions at the mechanical tandem exchange are freed 
from local traffic. 


Power Consumption. 

At a city exchange of approximately 10 000 lines, and 
at the mechanical tandem exchange, the operating 
current at peak load will exceed 2 500 amperes. Two 
sets of 50-volt Storage batteries, each having a capacity 
of 10 000 ampere-hours, are provided. During busy 
hours the Ipad on the batteries is eased by running the 
charging machines in parallel with them. 


^ arious Classes of Services Provided. 
sutettibers connected to an automatic exchange 
wU be ^vided into two groups: (a) -those to whon 
tr^ calls are permitted and (b) those to whom trunl 
caUs me barred. The distinction is of course of th< 
subsOTbers own seeking, but it is necessary that th( 
dep^ent shonld guard itself against improper use o: 
t ® ^ 5 fk lines by those subscribers who are not entitlec 
to this service. ^ subscriber who requires a trunk con- 


Subject to this restriction the foUowing classes 
service will be provided :— 


of 


Subscriber to subscriber—direct. 

Subscriber to subscriber—over junction circuits. 

Subscriber to subscriber—over trunk lines r rever- 
tive " calls). ' 

Subscriber to subscriber—over toll lines (" no delay " 
calls). ^ 

m 

Coin-box stations and call offices to and from all 
other subscribers in the system direct, or over junction, 
trunk, or toll lines. . 

Private branch exchange traffic with night traffic on 
selected lines in each group of exchange. lines. 

Inquiry, information, and directory services. . 

Dictating messages for onward transmission as tele¬ 
grams, express letters, or letters. 

Receiving telegrams in lieu of delivery by messenger. 

Calling for the services of express messengers. 

Tone Signals. 

A s;ptem of tone signals designed to give a calling 
subscnber knowledge of the progress of his call has 
been standardized for use in both London and the 
provmces. Before commencing to operate his calling 
dial subscriber should listen for a " dial signal 
tone, which indicates that a free selector in the first 
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rank—or, in London, an “ A digit switch—is available 
to receive the dialled impulses. Dialling must not 
commence until this tone—which is continuous at a 
frequency of 83 per second—has been received. 

If the called subscriber's line is engaged, or if, at 
any stage of the call, all outlets from a selector switch 
level are busy, a " busy tone " will be sent out. This 
tone has a frequency of 400 per second and is applied 
for off and on periods of 0-75 sec. The tone is 
associated with a flashing signal on the supervisory 
lamp of an operator's cord circuit in the case of a call 
from a manual exchange subscriber. 

When dialling is completed the subscriber will im¬ 
mediately receive “ ringing tone " to indicate that the 
required subscriber is being rung, or “ busy tone " to 
indicate that he is already engaged. The ringing tone 
is provided by means of a leak from the ringing circuit 
through a condenser of small capacity on which current 
pulses at a frequency of 133 per second are superposed. 
This tone is applied to the line with the same inter¬ 
ruptions as the ringing current itself, i.e. a double beat 
of 1 second with a 2-seconds’ interval. The double 
beat consists of two rings of 0-4 second duration 
separated by an interval of 0-2 second. 

In areas where the director is not used a further 
tone known as the " number unobtainable tone" is 
employed to indicate to the subscriber that he has dialled 
a ceased or unallotted number. In London this tone 
will bemsed to indicate to a subscriber that he has in¬ 
completely dialled the required number. Calls for 
ceased or unallotted numbers will be routed to an 
operator. 

Alarms and Guarding Devices. 

A complete system of alarm and guard devices is 
provided to facilitate supervision of the wmking of 
the exchange and to call immediate attention to any 
irregularity in the operation of the switches. The 
alarms are given by a lamp associated with a bell or 
buzzer and are divided into the following categories :— 

(1) Individual switch alarms. 

(2) Individual panel or shelf alarms, 

(3) Individual rack alarms. 

(4) Group alarms. 

The alarms are operated in trains. 

A fault or irregular condition which brings in an 
individual switch or panel alarm will also bring in the 
appropriate rack and group alarms. The maintenance 
officer will thus be guided from the group alarm to 
the rack alarm and then to the panel or switch on 
which the fault or irregular condition has occurred. 

Switch alarms are provided on those switches which 
are normally connected with a subscriber’s line by the 
act of lifting his receiver, without dialling. Such 
switches are the first group selectors in non-director 
areas and the first code switches in director areas. 
The alarm lamp will indicate in this case a loop on a 
subscriber's line and, should this loop persist for 3 
minutes without impulses being dialled, a clock-con¬ 
trolled relay set will come into operation and cause the 
rack and group alarms to operate. 
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Individual switch lamps are also provided on the 
final selectors in non-director areas to call attention to 
the condition where a called subscriber's line is held 
after the termination of a conversation by the failure 
of the calling subscriber to restore his receiver. In 
director exchanges the corresponding lamp is provided 
at the first code selector. 

On other ranks of switches the alarm lamps are pro¬ 
vided on the basis of one lamp per panel or shelf of 
20 switches. The most probable irregularity in the 
use of switches in these ranks is that they may be 
improperly held by a subscriber leaving his receiver 
off after incomplete dialling of the required number; 
this happens so rarely that alarms on the basis of one 
per switch would not be justified. 

In addition to the foregoing supervisory alarms, 
signals are provided to call immediate attention to 
fuse failures and to “ release " failures on switches of 
ail ranks. 

Private Branch Exchange Lines. 

Most private branch exchanges have more than cue 
line to the exchange and it is of course necessary to 
arrange that, if a call be received when the particular 
line representing the exchange number of the private 
branch exchange (PBX) is engaged, the calling sub¬ 
scriber shall not receive the “ busy " signal unless all 
the lines to the PBX have been searched and also found 
to be engaged. 

It is therefore necessary to arrange that the group 
of lines to a PBX shall be connected to consecutive 
positions on the bank multiple of the final switches and 
to provide all switches on which such groups of lines 
terminate with means for continuing their rotary motion 
as a hunting operation throughout the group—after 
the impulses of the units train have carried their 
brushes to the first line of the group—until an idle line 
is found, or the whole group has been searched without 
success. 

Switches provided with this facility are known as 

rotary*final switches " or rotary connectors.” In 
the case of PBX groups of two or three lines no special 
difficulty arises, apart from the fact that all the lines 
must appear on one level of the switch and that a few 
spare positions for future growth must also be left upon 
that level. This tends to a certain amount of plant 
wastage, and also generally involves changing the 
exchange numbers of a proportion of the subscribers 
in order to get them properly grouped on the levels of 
the switches when a transfer to the automatic system 
is made. 

When, however, "the present or probable future 
requirements of a PBX exceed 10 lines, and therefore 
exceed the accommodation of a normal switch level, 
it is necessary to take special steps to ensure the avail¬ 
ability of all the lines when a switch is hunting to 
complete a call for the PBX number. Line-hunting 
over groups up to 20 in number can be provided by 
utilizing rotary final switches having 10 double levels of 
20 contacts. Each such level absorbs only 10 line 
numbers in the subscribers' multiple series, the re¬ 
maining 10 having auxiliary numbers. This sch§me is 
therefore economical from an exchange pdant standpoint, 

43 ' 
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as Ijjie line capacity of the exchange is not reduced 
by title existence of lines II to 20 in the group, or by 
the retention of some of these auxiliary positions as 
spare for the future requirements of the PBX in question. 

The private branch exchanges serving some of the 
large London stores have 150 exchange lines or more, 
but it is generally possible to divide the lines so 
that a group not exceeding 100 is available for out¬ 
going traffic at the public exchange. In such cases 
additional switches of the pre-selector type are con¬ 
nected to the normal outlets of special third numerical 
selectors which act as final switches. The 10 outlets of 
the level appropriated to the PBX in question on each 
switch are multipled on a graded basis to homing 
pre-selectors having access to all the PBX lines in a 
common group of approximately 60 or 100, according 
to requirements. Bach pre-selector is associated with a 
set of repeater equipment which provides facilities for 
battery feed, busy test, ringing and registration. 

In this way all the requirements of very large private 


systems supplied by the Western Electric. Co. and 
Messrs. Siemens Brothers. Another consideration in 
favour of the latter is that its adoption greatly facili¬ 
tates conversion of standard common-battery manual 
exchange telephones to automatic working. When the 
question of standardization of subscribers* automatic 
telephones arose, the electromagnetic system was 
therefore discarded and the standard common-battery 
telephone circuit was adhered to, 

Siandavd impulse, —After consultation with the con¬ 
tractors responsible for the principal systems, a standard 
impulse suitable for all types of exchange equipment 
was agreed upon. This was defined as a break" 
period followed by a ‘‘make*' period in the ratio of 
2 : 1, i.e, the break occupies two-thirds of the total 
impulse period. In practice, dials are accepted if the 
“ break " period comes within a range of 63 per cent 
to 70 per cent of the total. The standard rate of 
delivery of impulses is fixed at 10 impulse periods per 
second. All subscribers' dials are carefully maintained 



branch exchanges'^can be met in a perfectly satisfactory 
way, although with a certain sacrifice of uniformity 
as compared with systems deliberately designed for 
searching over large groups of lines. 

,(11) The Subscriber's Automatic Telephone Set. 

The earliest Post Office automatic exchange areas 
were equipped with subscribers' apparatus supplied 
by the contractor whose exchange ^system was in use 
in each particular area. This led to the introduction 
of various types of instniment circuits and calling 
dials developed to suit the characteristics of the various 
S 3 rstems. The first circuit employed was that of the 
Automatic Electric Co. in which the talking current 
from the • exchange circulated directly through the 
transmitter Md receiver in simple series; the receiver 
was of the electromagnetic type, i.e. it had no permanent 
mapet but was magnetized by the exchange current. 

is an admirably simple circuit, but investigation 
^owed its grade of speech transmission to be somewhat 
mfOTor.to that of the standard cpmmon-battery circuit, 
which was utiBzed in conn^tipn with the automatic 


to function at this speed, but in order to reduce Htfliiing 
time and to speed up operating, the dials used by opera¬ 
tors on manual switchboards are specially adjusted to 
deliver impulses at the rate of 10-5 to 12 per second. 
The impulsing mechanism is only in operation during the 
return journey of the finger-hole disc after its release 
by the finger, so that the rate of impulsing is independent 
of any human factor. 

Standard dial.—’Fo^io'^gon the standardization of the 
impulse the provision of a standard dial for universal use 
was taken in hand and developed after consultation with 
all the Post Office exchange contractors. The dial pro¬ 
duced as a result of these efforts embodied novel mechani¬ 
cal details desired by Messrs. Siemens Brothers, and is 
illustrated in Fig. 26.* At the rear of the dial a circular 
disc with 10 recessed gaps rotates in unison with the 
firont itoger plate. A spring, riding on the periphery of 
this disc, actuates a pair of contact springs which 
break and make a normally closed circuit as the spring 
rides in and put of the gaps when the disc rotates. 
These are the impulsing springs proper and it might 

* Photographs forming pajrt of Fig, 25 ara not reproduced in the 
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here be noted that this device, which secures the springs 
being pushed into contact for the ** make ** portion of 
the impulse and allows them to fall apart for the 

break,'' eliminates "contact bounce" ^d gives, a 
much cleaner impulse than the earlier device in which 
two contact springs normally held together by their 
own resilience were forced apart to give the break 
portion of the impulse, and allowed to fall together 
for the make portion. 

During the forward rotation of the dial the riding 
spring is prevented from falling into the gaps in the 
circular disc by means of a friction sliding-cover plate, 
so that the impulsing springs are unaffected. The gaps 
in the disc are so spaced that they do not come into 
action until a certain portion of' the return journey 
has been traversed. This provides an interval between 
the receipt of successive trains of impulses which gives 
the switching mechanism at the exchange ample time 
to perform its " trunk-hunting " operation after each 
train. Systems in which the call is first stored at the 
exchange on quick-acting registers, and subsequently 
released through the mechanism, do not require this 
hunting interval, and provision is therefore made on 
the dial for placing the finger-stop in an alternative 
position which reduces the length of pull for each digit 
and so speeds up the action of the dial. 

In addition to the impulsing springs the dial also 
includes a set of auxiliary contact springs which make 
certain desired local changes in the circuit of the tele¬ 
phone while the dial is being operated. These springs 
are held in their normal position by an insulated stud 
attached to the circular disc. They assume ike 
" operated " position as soon as the' rotation of the disc 
begins, and maintain it until!the disp has again come to 
rest in its normal position. The speed at which a dial 
returns to normal under the influence of its restoring 
spring, and consequently the rate at which its impulses 
are delivered, is " governed" by, means of a .geared 
centrifugal friction break whose retarding effect 
increases proportionately with its speed. 

Compute instrument circuit .—^The inclusion of the 
dial* in the circuit of a subscriber's telephone can be 
effected in several ways, and the selection of the most 
suitable circuit arrangement has been by no means easy. 
The operation of the dial effects a rapid succession of 
interruptions in a circuit which includes exchange 
relays having considerable inductance. In the absence 
of special precautions these interruptions are accom¬ 
panied by inductive surges or " kicks " which may 
run up to peaks of 600, or 000 volts and impose de¬ 
structive strain lon the insulation of instrument or 
exchange circuit wiring. 

Other possible troubles arise from the alternate 
charging and dischargirig of the condenser in the bell 
circuit, which will cause the bell to tinkle in response 
to each train of impulses, and from the series of dis¬ 
concerting clicks which may be heard in a subscriber's 
receiver while the impulses are passing. 

The high dialling voltage can be materially reduced 
if the wiring be so arranged as to connect the condenser 
of the telephone across the break contacts of the dial 
«during its operation. 

The irregular tinkling of bells is always a nuisance 


and becomes a serious defect in the working of'^ex¬ 
tension circuits, since the tinkling of the main station 
bell, when an extension station dials a number, is liable 
to be mistaken for an ordinary ring. For this reason 
it has hitherto been necessary to " bias " all bells used 
on automatic telephone sets, in the endeavour to obtain 
adequate security against tinkling under all conditions. 
The bell is “ biased " by fixing an adjustable spring 
to the armature in such a way as to hold it normally 
over to one side, with the bell hammer resting against 
one gong. This gong must be the one which the 
hammer would strike when responding to t inkl ing 
impulses, in order that the impulses—^which are always 
in the same direction—^will have no audible effect on 
the bell. The addition of the " bias " spring not only 
represents an additional item of expense, in regard both 
to first cost and maintenance cost, but materially 
reduces the reliability of the bell. Any accidental 
reversal of the line connections renders it ineffective, 
and this remedy for tinkling can only be regarded as the 
lesser of two evils. The latest circuit arrangement over¬ 
comes the need for biasing and is greatly to be preferred. 

Clicks in subscribers' receivers are obviated in all 
modem circuits by arranging for the auxiliary contact 
springs on the dial to short-circuit or disconnect the 
receiver during the operation of dialling. 

Fig. 26 shows several circuits which have already 
been employed in order to reduce the undesirable local 
effects of dialling, and illustrates the successive stages 
in the development of the present standard circuit, 
in which they are all successfully overcome. It will 
be remembered that dialling takes place when the 
receiver is off the hook. 

" A" shows the Automatic Electric Co.'s original 
circuit emplo3nng the electromagnetic receiver without 
induction coil. The bell is cut out of circuit during 
the process of dialling, and is therefore not subject to 
tinkling in so far as the action of its own dial is concerned. 
If, however, more than two telephones are coimected 
to the same line, the main station bell is subject to 
tinkling when an extension station dials. No atteinpt 
is made in this circuit to suppress the high inductive 
dialling " kick," and high-grade insulation is therefore 
needed in! aU wiring. The auxiliary springs on the 
automatically short-circuit the transmitter and 
receiver during^the period the dial is in motion, so that 
no clicks are heard. 

" B" shows the earliest circuit of the Western 
Electric Co, which was applied to a standard coinmon- 
battery instrument with induction coil and utilized a 
dial without auxiliary springs. It affords standard 
transmission, dials through the transmitter, and allows 
the subscriber to hear loud dialling clicks in the receiver. 
The dial is placed in series with the line circuit. The 
condenser is alternately charged and discharged as 
the dial springs make and break, but the presence of 
the induction coil and transmitter and receiver in bridge 
across the condenser reduces the magnitude of the 
charge and provides a discharge path clear of the bell, 
which is consequently immune from tinkling. It also 
involves the use of a 4-conductor cord between .the 
table telephone and the bell box, in place of the stafldard 
3-conductor cord. 
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" C'' shows a more recent circuit provided for the 
Post OfiS.ce by the Western Electric Co. It is identical 
with the circuit shown in " B but includes two 
auxiliary springs, which short-circuit the receiver whilst 
dialling is in progress and prevent the subscriber from 
hearing dialling clicks. A 4-conductor cord is required. 

shows a circuit provided by Messrs. Siemens 
Brothers. It is very similar to that of '' B ” and C,*' 
but the auxiliary springs short-circuit the transmitter 
and disconnect the receiver. The condenser is alter¬ 
nately charged and discharged as the dial springs 
make and break, but the magnitude of the charge is 
small because the condenser is charged through the 
high impedance of the 1 000-ohm bell and is shunted, 
at the moment of charge, by the primary (17-ohm) 
winding of the induction coil. The whole of the dis¬ 
charge current flows through the bell but is insufificient 
to cause tinkling. A 4-conductor cord is required. 

E ** shows an arrangement which is used in some 
of the more recent installations in this country and is, 
I think, still the standard circuit of the American 
Telephone and Telegraph Co. Its chief advantage lies 
in the fact that it introduces a dial into the standard 
common-battery telephone without the need for more 
than three conductors in the cord to the desk set. The 
bell and condenser are connected permanently across the 
line, and the condenser serves to absorb high-voltage 
kicks dnriiig the dial operation, but its efi&ciency in 
that respect is reduced by the high impedance of the 
bell in series with it. The voltage across the condenser 
is alternately increased and decreased, as the dial 
springs break and make, and the bell is subjected to 
the full force of its charge and discharge. The bell 
therefore requires to be effectively biased in order to 
suppress tinkling. 

F illustrates the arrangement and connections of 
the auxiliary contact springs in the new Post Ofi&ce 
standard circuit—with 3-conductor cord. This circuit 
secures immunity from tinkling without resorting to 
biasing, and suppresses—or at any rate reduces to a 
negligible quantity—^the high inductive dialling kick. 
When dialling is proceeding the condenser is bridged 
in series with the secondary 26-ohm winding of the 
induction coil across the " breaksprings of the dial, 
in which position it momentarily prolongs the current 
after break and effectually prevents the high-voltage 
surge from bhe exchange apparatus from reaching a 
dangerous peak, while at the same time its action—as 
it is in series with only the low impedance of the in- 
ductioji-coil windings—^is so rapid that no troublesome 
amount of impulse distortion is introduced. Immunity 
from tinkling is secured, as in the foregoing arrange¬ 
ment " C,'' by providing for the condenser to discharge 
mainly through the windings of the induction coil, 
which act as a shunt upon the bell.. Dialling clicks 
are eliminated by short-circuiting the receiver, A 
separate pair of auxiliary contact springs is used to 
short-circuit the transmitter also, in order that constant 
dialling conditions may be maintained notwithstanding 
any alterations which it may in future be found desir¬ 
able to make in the mean resistance of the standard 

transmitter. 

The adoption* of this very satisfactory instrument 


circuit was made possible by the fact that the new- 
standard dial provides a robust and positive method 
of actuating the auxiliary contact springs. Springs 
which would short-circuit both the transmitter and 
receiver would undoubtedly have been employed several 
years ago but for the fact that one hesitated to attach 
to the e^lier types of dial a spring set with more than 
one moving member. The spring set now used includes 
two separate moving members, and they are actuated 
in a manner which is, I think, safe and certain. Un¬ 
fortunately this possible feature of the standard dial 
was not at once noticed, and those first obtained were 
fitted with spring sets of the then standard type, as 
shown at E.” It has, however, been possible to 
arrange that all on order for the London automatic 
service shall be converted to the new type in the course 
of their manufacture. The economy which will be 
effected in London alone, by obviating the need for 
fitting biased bells, is estimated to approach £100 000. 

It will generally be admitted that the modem auto¬ 
matic calling dial is a remarkably simple little piece of 



pparatus, as compared with the immense complexity 
f the imachine which it controls. This simplicity is 
he result of a long period of evolution since someone 
1 the Automatic Electric Co, first had the happy 
bought of making a rotating disc with finger-holes 
or the purpose of sending the trains of impulses required 
or the Strowger automatic system. The master 
latent which secured a monopoly for this device ran 
rom 1898 to 1912, and during that period a ^eat deal 
f ingenuity was extended in inventing competing forms 
f dials and other signalling dewces for other automatic 
ystems which would not infringe the patent. It may 
le of interest to state that throughout this penod an 
Id and forgotten telegraph transmitting device was 
a existence which in all essential respects anticipat^ 
he terms of the master patent. This was one of the 
arliest forms, if not the earliest form of transmitt^ 
ised in connection with the Wheatstone ABC telegraph 
vstem A “ clear-up in one of the old store-rooms of 
^GeneralPost Office in 1913 «ne^li^ a specim® of 
his apparatus marked " Cooke and Wheatstone 1839 
see Fie 27) • K includes a disc provided wth pivotally 
rtang^ finger-holds, which can be rotated frojn any 
Sn-to, a fixed finger-stop, for the purpose of trans- 
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nutting, by means of a current making-and-breaking 
device, a predetermined number of impulses of 
current, in harmony with the finger-holds—all of which 
terms represent the explicit claims of the master patent, 
so long considered unassailable. When it was dis¬ 
covered and brought to me as an interesting telegraph 
relic the patent had just expired. 


(12) Tariffs for Automatic Systems. 

The " message rate ” tariff now in force in the British 
Post OfB.ce telephone service represents the only strictly 
equitable basis of general charge for such a service. It 
has the advantage of. placing the small and large user 
on precisely the same footing, inasmuch as each will 
pay for his service in proportion to the broadly averaged 
overaD cost of providing it and the use he trigkAc of it. 
Under this method a fixed sum known as the ingi-fliia+inn 
rental is paid annually by the subscriber in respect of 
the plant provided for his individual use, and a uniform 
fee for each effective local call is collected to cover the 
cost of the plant provided for the common use of all 
subscribers, and the cost of operating. Additional 
charges are levied on a radial mileage basis for tlie use 
of long junction and trunk plant, affording connection 
with places outside the local fee area. 

It is sometim^ argued that the general introduction 
of the automatic system, and the elimination of the 
cost of operators to handle local calls, will bring in 
new conditions' whic* would justify the restoration of 
the flat^ rate/'^ which cohnotes a uniform charge tc 
all subscribers of a particular class, independent of the 
number of calls originated by each of them. This 
argument shows an entire misconception of the facts ol 
the c4se. The introduction of the flat rate in connection 
mth ian automatic system would, of course, simplify 
the mechanical plant by making it unnecessary to 
provide metering arrangements for the registration of 
local calls, and would save a large part of the cost of 
coll^tmg revenue from subscribers, but these points 
apply with at least equal force to the manual''system 
and m toth cases they have to be subordinated to much 
more important considerations. In the automatic 
syst^, as in the manual system, part of ihe plant is 
pro^^ for the individual equipment of each sub- 
sonber s line and part for the common service of all 
subscribers. The second part, which in all busy ex¬ 
change is much the larger of the two, depends entirely 
upon the amount of trafffc to be carried; it has therefore 
no association with the annual installation rental, and 
a due ^oportion of its cost can only be properly charged 
against each subscriber in accordance with the traffic 
he ong^tes. In a typical city manual exchange the 
ratio of individual to common service plant is about 
; m an automatic exchange carrying equal traffic 
It IS about 1 to 6. The actual cost per line of automatic 
plant m a, busy city exchange is two or three times as 
much as m a suburban exchange forming part of the 
sanm S 3 ^tem but having an average calling rate pro¬ 
portionately lower. At present only the local unit fee 
per message is regist^ed electrically on the subscribers’ 
meters m automatic exchanges, and all charges for 
calls beyond thg local fee area are manually recorded 


on tickets by operators. It is, however, probable that 
m the near future it may be convenient to extend auto¬ 
matic metering to calls for which double or treble the 
umt f^ is chargeable, and so enlarge the effective areas 
to which a purely automatic system of working can 
be applied. Schemes which provide, more or less 
satisfactorily, for such differential metering have already 
been devised, and the Post Office has been careful to 
keep the way open for future development in this 
direction by clearing all odd calculations out of its 
message tariff. All mileage fees are now so graded 
t^t the charge for any distance is an even multiple 
of the local unit fee, and could therefore be registered 
by addmg a corresponding number of units to the record 
on the subscriber’s meter. 

One important respect in which the tariff considera- 
ti^ applying to the automatic and manual sirstans 
iMer IS that in the former the duration, or " holding 
time, of a call has a much more important effect upon 
the cost of providing the service. 

In both systems switching and junction plant has 
to be provided on the basis of “ traffic units," repre- 
sentmg number of calls multipUed by hoiding tffiie, 
Imt in the manual S3rstem the plant cost is rather ovetr 
shadowed by the cost of operating the calls. The overall 
cost of providing service depends therefore to a much 
greater extent upon the number of calls than upon 
ffieir duration, and no great error is made by assuming 
^t all subscribers make calls of the same average 
duration. "With the automatic system, on the other 
hmd, the plant cost factor is of paramount importance. 
The various selecting switches through which a call 
pa^es may be looked upon as operators who have not 
only to make the connection in the first instance but 
are each required to give it their exclusive attention 
as long as it lasts. An exception to tins is tiie " directiw " 
wmdi will be used in London merely for the purpose 
of setting Up calls, but the cost, of directors is ai very 
small fraction of that of the total traffic-handling plant. 

It results, toerefore, that the cost of providing service 
to my subscriber depends upon the aggregate dumtion 
of his c^ in the busy hour, and not upon their number. 
One call of an hour’s duration will cost the system 
practically as much as 60 consecutive calls of 1 minute. 
Under automatic conditions there is much to be 
said for the introduction of a method of charging for 
aU tdephone swvice on a time-and-distance basis, and 
me development of time-measuring methods applicable 
to local exchange working has received a good deal of 
attention from telephone engineers. Several patents 
already cover the application of this principle in such 
a ^ner that, immediately on the reply of the caUed 
subscriber, the meter of the originating subscriber will 
register one or more units in accordance with the distance 
be^een the parties, and repeat the registration at the 
end of each period of, say, 3 minutes. This does not 
fit in very well with the adoption of var 3 dng charges at 
different periods of the day and night, which is also 
a reasonable thing in telephony from the standpoint 
of keeping the plant occupied and revenue-earning 
outside the normally busy hours. A preferable system 
would appear to be to record normal time units by 
metering impul§es at short interviOs of, say, 12 seconds 
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throughout the period of connection, counting 10 or 
12 units as the equivalent of a penny call. For calls 
to points outside the local area the record might be 
made at double, triple, or quadruple speed, by dra\mg 
impulses from different contact cams in the controlling 
clock. Reduced tariffs during normally slack periods 
could be introduced by variable driving gear which 
would slow down the whole impulse system in as many 
stages as might be desired. 

(13) Progress of Automatic Exchange Construc¬ 
tion. 

The character of the new automatic exchanges to 
be catered for in London and the provinc^ in the 
immediate future is.shown in Appendix 2. It be 
observed ithat the schedule includes 161 proj^ted 
exchanges; with a capacity of about 369 000 sutecnbers 
Knes. Before this large amount of work can be com¬ 
pleted many additional requirements will no doubt 
have matmed. Extensions of. existing provincial auto¬ 
matic exc^ianges wiU also be necessary in aider to meet 

development. j . , . , ■ 

The stops taken to provide for the special telephomo 
needs of London and to encourage British manufactory 
to plant of uniform characteristics have already 

been mentioned. 

The difficult matter of acquiring sites, at or near 
the positions indicated by economic studies of the area 
layout, and designing and providing the neroyry 
buildings, is proceeding as rapidly as present conffitions 
allow. The contractors concerned in the manufacture 
of the exchange equipment are all working hard to 
produce and install the plant by the dates required, 
and their staffs of able engineers are in continuous 
touch with the Post Office Engineering Department. 
The Post Office staff responsible for planning and pro¬ 
viding the external cable plant, and for grafting it 
economically into the London cable network, axe also 
working strenuously under conditions rendered more 
and more difficult by the rapidly inareasing congestion 
of underground London and the necessity for reducmg 
street openings to the utmost possible extent. In 
some central districts it is no longer possible to find 
space for the necessary cable ducts ,und« footways 
and roadways, and tunnelling deep down in the London 
day has to be resqrted to in order to gain adequate 
access to! exchaiiges. 

Automatic developments on so large a scale necessi¬ 
tate also the provision of a very highly skilled staff to 
engineer, supervise. and maintain the exchanges. In 


order to meet this great need, it has been found desir¬ 
able to set up a very completely equipped training 
school at the General Post Office for the purpose of 
giving a thorough training to the staff of the Engineering 
Department in the theory and practice of automatic 
telephony, and in the delicate work of switch adjust¬ 
ment, fault tracing and cognate matters. Graduated 
courses of instruction are held for the skilled workmen 
who will actually maintain the exchanges, as well as 
for inspectors and engineers who will be resporisible 
for the performance of the mechanism and the efficiency 
of the service rendered. The extreme complexity of 
modem automatic circuits and equipment is illustrated 
by the the fact that a single automatic switching unit 
of 10 000 lines comprises no less than 6 000 000 ** bank 
contacts representing selectable outlets. Any one sub¬ 
scriber in such a unit can obtain coimection with any 
oth^r particular subscriber in the same unit via more 
than 240 000 different linkages. To reach all the sub¬ 
scribers on the unit he has at his disposal more than 
2 400 000 000 different linkages—all this without passing 
outside his own exchange of 10 000 lines. In his recent 
book "Fifty Years of Electricity" Dr. Fleming ex¬ 
pressed the opinion that the design of modern auto¬ 
matic telephone systems represented " the high water 
mark of human creative power." Be this as it may, 
it seems improbable that a parallel could be found, 
in any other application of science to industry, to the 
mass of co-ordinated and controlled complexity con¬ 
stituted by the automatic machine required to meet 
the telephonic needs of such cities as New York and 
lx>ndon. 

The manufacturing organization necessary for the 
production of the automatic equipment needed through¬ 
out the Empire, and in foreign markets which Brituffi 
manufacturers have been able to secure, is very vast 
and fim plex. It is anticipated that, in the ne^ future, 
an anniml output of automatic equipment for a quarter 
of a million exchange lines will be producible in the 

factories of this country. , , , 

From the first inception of the Post Office telephone 
system it has been the poUcy of the Department to 
discontinue the purchase of tdephone p^t from. 
and to encourage the establishment, wiiidn the 
Kingdom, of adequate manufacturing resources for me 
supply of all its needs. It was weU recognized fr^ ui® 
first that this would foster the setting up of a Bnt^ 
industry whidi would cater for a far more extenave 
market than that represented by Post Office require¬ 
ments, and riie complete success of this pohcy is a 
matter for lively satisfaction. 
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APPENDIX 1. 


KEIGHLEY EXCHANGE. 


Comparative Statement showing Estimated Costs under Manual and Automatic Systems. 


(а) Busy-hour calling rate . 

(б) Proportion of local trafi5.c.' 

Proportion of manual positions retained under automatic 


1 

60 per cent 
60 per cent 


Capital outlay — 
Exchange equipment 
Subscribers' apparatus 


Annual costs — 
Interest 
Depreciation 
Maintenance 
Operating ,. 


Total annual costs 

Balance of annual costs in favour of manual 
Balance of annual costs in favour of automatic 


1925 


Manual 


£ 

7 490 
4 704 


12 194 


671 
636 
1303 
2 053 


4 663 


42 


Automatic 


£ 

13 854 
5 009 


18 863 


1037 
718 
1 405 
1 545 


4 705 


1930 


Manual 


£ 

8 803 
5 725 


14 528 


799 

760 

1 456 

2 294 


5 309 


Automatic 


£ 

16 562 
6 253 


22 815 


1 255 
876 
1 547 
1 564 


5 242 


67 


1935 a 260 lines) 


Manual 


£ 

10 095 
6 673 


16 768 


922 

878 

1 744 

2 595 


6139 


Automatic 


£ 

18 717 
7 429 


26 146 


1438 

1013 

1849 

1764 


6 064 


76 


Costs which are common to both manual and automatic systems have been omitted from this statement. 


MAIDSTONE EXCHANGE. 


Comparative Statement showing Estimated Costs under Manual and Automatic Systems. 

(a) Busy-hour calling rate . 

(b) Proportion of local traffic .. !! ’ [[ 

(c) Proportion of manual positions retained under automatic 


0*7 

70 per cent 
28 per cent 


Capital cost — 

Exchange equipment 
Subscribers' apparatus 


Annual costs — 

Interest 
Depreciation 
Maintenance 
Operating .. 

Total annual costs 

Balance of annual costs in favour of automatic 


1 

)26 

1931 

1936 (1660 lines) 

Manual 

Automatic 

* Manual 

Automatic 

Manual 

Automatic 

£ 

8 468 

4 388 

£ 

14 068 

4 944 

11346 

6 449 

£ 

19 073 

7 210 

£ 

13 744 

8 340 

£ 

22 315 

9 288 

12 846 

19 012 

17795 

26 283 

22 084 

31603 

626 

685 

1 526 
1390 

927 

757 

1 722 
535 

868 

966 

2186 

1 866 

1281 

1 060 

2 466 
764 

1 077 

1 192 

2 822 

2 526 

1 541 
1296 

3 186 

1136 

4 227 

3 941 

5 875 

6 671 

7 617 

7 159 

— 

286 

— 

304 

— 

468 
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APPENDIX I— continued. 

MACCLESFIELD AND PRESTBURY EXCHANGES. 

Comparative Statement showing Estimated Costs under Manual and Automatic Systems. 

(a) Busy-hour calling rate . . .. .. .. .. .. .. ..0*8 

(b) Proportion ol local traffic .. .. .. .. .. .. .. ., 75 per cent 

(^i) Proportion of manual positions retained under autonia,tic ,. .. .. 53 per cent 



1925 

1930 

1935 (875 lines) 

Manual 

Automatic 

Manual 

Automatic 

Manual 

Automatic 

Capital outlay — 

£ 

£ 

£ 

£ 

£ 

£ 

Exchange equipment 

4 604 

10 723 

5 051 

13 345 

6 507 

14 964 

Subscribers' apparatus 

3 261 

3 433 

4 472 

4 890 

5 248 

5 822 


7 955 

14 156 

10 423 

18 235 

11 755 

20 786 

^Annual costs — 







Interest 

438 

779 

573 

1 003 

647 

1 143 

Depreciation 

410 

511 

552 

697 

627 

802 

Maintenance 

784 

811 

071 

1 015 

1 166 

1 205 

Operating .. 

734 

480 

876 

549 

1 183 

573 

Total annual costs 

2 375 

2 581 

2 972 

3 264 

3 613 

3 723 

Balance of annual costs in favour of manual 

206 

— 

292 

' _ 

no 

— 


Against the balance in favour of manual working shown in the sta,tement, there will be an annual saving 
of £220 on line plant by the use of automatic. 
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APPENDIX 2. 

PROPOSED NEW AUTOMATIC EXCHANGES. 


LoirooN 


Name of excliange 


Beckenham 


Bermondsey 

Bishopsgate 


Central 

City 


Cricklewood , 

Croydon 

Edgware 

Fulham 

Guildhall 


H^pstead 

Hendon. 

Holbom 


Holloway 
Ilford ., j 
Kensington 
Kentish Town 
King's Cross . 
Langham 
Maida Vale 
Monument 
Oval 

Primrose Hill 
Sloane .. 

Strand .. 
Tandem 

Thornton Heath 
Wandsworth . 
Western 
Whitehall 
Wood Street . 
Woodside Park 


B2 exchanges 


, 

Provinces 


Approximate number 
of lines 

Name of area 

Number of 
exchanges 

Total number 
of lines 

. 1600 

S^th 

4 


2 000 

Bedford. 

1 


8 500 

Birmingham 

5 


10 000 

Brighton. 

6 

8 600 

4 400 

Bristol 

6 

8 000 

3 000 

Burnley 

1 

1700 

3 800 

Chatham .. 

4 

2 000 

1000 

Cheltenham 

2 

1400 

4 000 

Chesterfield 

2 

1 100 

10 000 

Colchester .. 

1 

1 000 

3 800 

Colwyn Bay 

2 

3 000 

1500 

Coventry ’ .. 

2 

3 600 

10 000 

Dudley 

4 

3 000 

2 000 

Edinburgh .. 

4 

16 600 

2 500 

. Exeter 

2 

2 000 

6 000 

Folkestone .. 

, 4 

... 2 000 . 

2 700 

Gloucester ., 

1 

1200^ 

3 000 

Halifax 

1 

3 200 

9100 

Hanley 

7 

. 4 300 

6 000 

Harrogate. 

1 

2 600 

6 700 

.Hereford .. 

1 

1000 

2 000 

Ipswich. 

1 

1 300 

4 700 

Keighley ... 

2 

2 000 

8 700 

Kirkaldy .. 

1 

800 

7 400 

Leeds - .. 

: 4 

4 000 

— 

Leicester .. 

4 

9 300 

1000 

Liverpool .. 

1 

10 000 

3 000 

Macclesfield 

2 

2 000 

8 100 

Manchester 

5 

20 000 

10 000 

Newcastle .. 

6 

12 000 

10 000 

Nottingham 

4 

11000 

2 000 

Oxford . 

1 

1400 


Plymouth. 

2 

4 000 


Portsmouth .. * .. 

1 

600 


Rochdale ., 

8 

3 700 


Sheffield. 

9 

13 300 


Shrewsbury 

1 

1000 


Southend .. 

3 

4 000 


Southport ,. 

4 

7 100 


Torquay 

2 

1 800 


Wakefield .. 

2 

2 000 


Walsall . 

2 

2 000 


Watford. 

1 

2 000 


West Hartlepool .. 

2 

1 400 


Wolverhampton ,. 

2 

3 000 

168 500 lines 

45 areas 

129 

exchanges 

210 300 lines 
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Discussion before The Institution, 5 March, 1925. 


Mr* E. A. Laidlaw : The present paper is a record 
of the very striking progress made since 1919, when 
Mr. Grinstcd and I read our paper on the same subject. 
Our paper was an attempt to deal with the future : 
the present paper is an account of the past—^it describes 
what the Post Office has decided and done. For this 
reason it is difficult to discuss in a constructive manner. 

It would be easy to criticize the decisions and methods 
adopted, but such criticism would be merely destructive 
and I wish to avoid that. It is a very great satisfaction 
to coulinn the autlior’s remarks in the last paragraph 
of the paper as to the complete success of the Post 
Office policy of drawing upon British resources for the 
supply of all its needs. Tins policy has been of the 
greatest possible assistance to firms like my own, and 
wo recognize it gratefully. I trust that it will continue 
to be the policy of the Post Of&ce to depend upon the 
British manufacturer and, perhaps, to an even greater 
degree than in the past, upon British engineemg. 

If that is done the author may relieve himself entirely 
of the fear he expresses in Section (9) of the paper. He 
may then rest assured that the London system in, 20 
years' time will be a model for the world to copy. The 
system of grading the links between ranks of switches 
which he describes in Section (6) is entirely British 
practice, and the standard dial described in Sec¬ 
tion (11) is a purely British, product. It is, I believe, 
the only dial to have had thorough scientific study 
applied to its development, which took three years in I 
our experimental departments. It is operating with 
great success in Australia, Canada, India, Japan, South 
Africa and South America, and we have even sold a 
quantity to a company associated with the American 
Bell interests. I was pleased to note that the A.T. 
and T. Co.'s ^ instrument circuit has been superseded by 
a very much better circuit developed, I believe, by the 
author's staff. The author referred to the paper by 
Mr, Grinsted and myself. I should like him to remember 
that it was read six years ago immediately after the 
war finished, and written before that, and that ite main 
purpose was to draw attention to the changes in con¬ 
ditions which had taken place and to discuss the technical 
and economical problems then confronting telephone 
engineers. We used London merely as an example, 
in which we were expected to find specimens of every 
difficulty likely to be met in the application of mechanical 
operation. We did not intend to attempt to solve the 
Lxjndon automatic problem, and this is clearly stated 
in the paper. We pointed out that the manual system 
was incapable of fulfilling future requirements, and 
held up the full automatic system as the solution of the 
difficulty. We condemned the semi-automatic system. 
I believe this was about the time to which the author 
refers, when the Post Office was seriously considering 
its adoption. In these respects events have justified 
our opinion. We also, it is interesting to note, fffily 
described a scheme for '^telephone unit" meteru^, 
arranged to charge the subscriber on the basis of the 
time and amount of plant occupied on his call. It 

♦ American Telephone and Telegraph Co. 


appears from the author's remarks in Section (12) that 
he agrees with us as to the correctness and desirability 
of such a system. Here, again, I am confident that 
our opinions will be justified by events. Has the 
author had any investigation made as to what extent 
the telephone user can be depended upon to listen for 
the dialling tone " ? Observations which I have made, 
both at home and abroad, show that practically no one 
listens to it. A prominent official of one of the telephone 
companies of the United States using the panel system 
informed me that tliey had made an investigation and 
watched 200 subscribers carefully without their know¬ 
ledge, and not one listened in for the tone before dialling. 
The effect of this on the working of the system will 
undoubtedly be felt, not at the beginning but when 
the load rises to the figure for which the exchange is 
designed. I think that it will be extremely difficult 
to educate subscribers to obey an instruction wloich 
they can ignore without trouble on about 95 per cent 
of their calls. 

Mr. G. H. Nash : In Section (9) of the paper 
the author states: '' Exhaustive study and trial led to 
the concision that the director system contained all the 
essentials required as a basis on which to frame a complete 
equipment of circuits and apparatus admirably fitted 
for the service of such an area as London." Complete 
as this paper is, in so. far as it is possible for such an 
immense subject to be reviewed in a single plaper, I 
do not feel that the aiuthor has done justice either to 
himself or to that ablq body of men who report to him 
and I make no apology?- for endeavouring to give some 
idea of what it is these men have done. It is apparent 
from the quotation I have just givefi that when 
Office engineers decided to turn from that wonderfully 
complete system desired for the New York area—to 
leave behind the comfort and advahtages to be derived 
from not being pioneers, and to become pioneer^they 
showed a great degree of courage and resourcefulness. 
It is well known that the commercial prosperity of a 
city and of a country is very closely related to its tele¬ 
phone development, and it requires no great stretch 
of jma«matioii on our part to appreaate Wd 

happen to London, for example, if 

were to break down or become highly meffim^t. 
Following this line of thought, it is app^ent to® 
Engineer-in-Chief and Ms assistants embody m tow 
pei^ a great responsibUity for toe 
of this dty and of this country. Therefore, whm they 
decided to take a system wMch. in J 

fltaee orovided notoing greater toan—to use me 
Sor’s wSds-“ a basis on wMch to frame a system 
for^ndon,” they demanded a most unusual amount 
S^^S?snd Lourcefulness 
from the other telephone engineers of 

■ Ss id "HI ““4^' 
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for the Post Office. Taking circuits alone, there are 
something like 90 circuits in the director system which 
have to be built up and studied individually and collec¬ 
tively. In this one firm of which I speak, we have had 
17 men for over a year doing the actual paper design 
work on those circuits alone—simply as theoretical 
paper circuits. Another 20 have been continually 
engaged in setting them up, testing them, finding out 
their faults and then dismantling them. Other men 
are engaged in designing the apparatus and in life¬ 
testing it before its construction can be proceeded with. 
I have not said this to call attention to a particular firm. 


Table A. 


Trafic 

tinits 

Number of 
secondaries 
required 
liOSs s* 0*001 

Number of outgoing trunks 
required 

Saving 
effected by 
secondaries 
(tranks) 

(1^ With 
secondaries. 

Loss * 0*001, 
overall loss 
being 0*002 

(3) By practical 
grading. 
O’Dell’s formula 
for loss* 0*002 

15 

39 

29 

36 

7 

20 

65 

37 

47 

10 

25 

82 

46 

59 

13 

30 

98 

54 

70 

16 

35 

114 

61 

81 

20 

40 

131 

69 

92 

23 

50 

163 

84 

114 

30 

60 

196 

98 

137 

39 

70 

228 

111 

159 

48 

80 

261 

125 

182 

67 

90 

291 

139 

204 

66 

100 

326 

152 

226 

74 

110 

369 

166 

249 

83 

120 

! 391 

180 

271 

91 

130 

424 

193 

294 

101 

140 

467 

206 

. 316 

110 

150 

489 

219 

338 

j 119 

160 

522 

231 

361 

I -130 

170 

554 

244 

383 

1 139 

175 

570 

250 

396 

' 145 


but to demonstrate the amount of work which has 
to be done. I have heard doubts expressed as to 
whether the director system for London will be a success 
and whether the Post Office has been wise. My opinion 
is that without doubt it will be a complete success. 
Turning now from this broad review to a matter of 
detail, the author states that the Post Office has adopted 
the grading principle for trunking, wdiich means that 
on any group of trunks from one exchange to another 
the trunks run straight from a digit-selecting switch 
in the outgoing exchange to the incoming switch. The 
actual process of grading allows access of a few switches 
to the trunks comiected to the earlier choices, and 
the .number of switches on the trunks connected to the 
later choices to be gradually increased. A certain gain 
in efficiency is arrived at by this means. This problem 
of trunMng efficiency is of interest the world over. 
There are two p^ticular areas at the moment which, 


like the Post Office, are confined to using switches with 
only 10 outlets, where it is of vital importance to knovr 
• what to do to increase trunking efficiency. The question 
arises as to whether grading or, alternatively, outgoing 
secondary^' switches, shall be used. It will be realized 
that if there are switches with a large number of outlets 
the problem does not arise; neither would it arise if 
one could use pre-selecting outgoing secondary switches, 
i.e. switches which themselves found the line before 
it was wanted. All the attempts wffiich have been 
made to design suitable controlling circuits for pre¬ 
selecting outgoing secondary switches have not yet 
produced a result which really warrants their being 
included in any automatic system. Such a circuit 
will no doubt arrive and, when it does, outgoing 
secondary switches of a pre-selective type will for 10- 
point switches (I do not refer to other t^es) completely 
sweep the board. As things are at present, we have to 
consider post-selecting secondary switches, and it will 
be seen from Table A tlaat in order to pass a certain 
number of traffic units the grading principle may be 
employed, as the Post Office does, or post-selecting 
outgoing switches may be used. If outgoing switches 
are used they have to be paid for, while if the grading 
system is used more trunks will be needed. The London 
choice is for grading. 

Considering Table A and taking, for instance, traffic 
units (35) the number of secondaries required on,a loss 
of 1 in 1 000 is given, and it will be seen that an extra 
114 switches have to be purchased, with all their 
attendant apparatus. In col. 3 is given the number 
of outgoing trunks that would be required, while in col. 
4 the number of trunks required with the grading 
principle is shown to be 81, the difference being 20. 
The question therefore resolves itself into whether 
money is to be sunk in 114 secondary switches or in 
20 trunks. 

Mr. F. Morley Ward : The author seems to have 
covered the ground so thoroughly and so ably that it 
is difficult to find any matter for criticism. It is very 
interesting to see the '' grading diagram described 
in the paper and to know that the opinion of Post Office 
engineers as to the saving effected by such a scheme 
fully confirms my own contention. I believe that this 
arrangement wai? originally due to Mr. W. Aitken, who 
named it ** multi-choice ** grading. It was adopted 
by the Relay Co. over nine years ago and has proved 
a very useful and economical arrangement even for 
very small groups. It would be interesting to know 
the reasons which caused the Post Office to make the 
nine decisions referred to in the paper. Some of these 
seem quite obvious to British telephone engineers, but 
others are not so obvious. It would be particularly 
interesting to know why impulses over junction circuits 
should be signalled round the loop and not over one 
earthed conductor, especially when the latter permits 
of dialling over much longer lines. I believe that 
Messrs. Siemens have employed dialling over one line 
and the Relay Co. have gone further and dialled over 
both lines in parallel. By dialling over the two lines 
in parallel it has been found possible to work over 
junction circuits up to 1 600 ohms loop resistance, em¬ 
ploying only 32 volts, which, I imagine, must be con- 
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siderably more than can be done on the Strowger system 
employing 50 volts. The reversed-battery arrange¬ 
ment which the Post Ofi&ce has decided to use for 
signalling over junctions seems to me to be less hexible 
than the scheme which the Post Office standardized 
for manual junction working, in -which signalling is 
made in one direction over one line and in the other 
direction over the other line. The latter scheme has 
been adopted very successfully by some automatic 
telephone companies. Perhaps "the author will furnish 
some information on these points. 

Mr. W. R. Garter: The author has told us how, 
during the time that negotiations were proceeding for 
the introduction of the panel system into London, those 
interested in other systems were not asleep, and it will 
probably interest members to learn that prior to the 
development of the director, the adoption of which is 
naturally a source of keen gratification to my company, 
our engineers had devised another method directed , to 
solving the problem of the telephoning of large cities 
and by which it was possible to retain existing exchange 
names as part of the numbering scheme without, however, 
using translation. This method used what has been 
termed a universal switcher,** a device built up of 
standard Strowger equipment, and embodying an 
elaboration of the switching selector repeater principle. 
Fundamentally, the plan used was to seize a number 
of junctions, any one of which might prove to be the 
one wanted, and to reject those not reciuired. That is, 
if BAR were dialled for Barnet, junctions would be seized 
momentarily, in addition to others going, say, to 
Bank and Battersea, or to switching centres having 
junctions to those places, and these junctions would 
be released as the dialling proceeded. The weakness 
of this scheme was, of course, the wasteful use of the 
junction circuits, but its development will indicate 
that considerable effort was being directed to finding 
a solution of the problem. Referring to the reasons 
given by the author for the adoption of the Strowger 
director system, I do not think that it is possible to 
overestimate the advantage of being able to use the 
same switching mechanisms in a 50-liiie village exchange 
as in the mechanical tandem exchange or in any 10 000- 
line office, and of being able to use any member of the 
maintenance staff who is capable of• maintaining the 
50-line exchange without further training in the larger 
offices. This must constitute a valuable advantage 
to those responsible for the maintenance of the system. 
Then, again, the system which has been adopted, whilst 
maintaining the ideal of one form of switching mechanism 
throughout, only employs registers and translators in 
those areas where it is necessary or desirable to separate 
the trunking and numbering systems. Maintenance 
considerations also controlled the design of the coder 
call indicator. The substitution of code impulses for 
decimal impulses makes it possible to use simple rotary 
switches and relays only at the manual end and, in 
addition, reduces the amount of equipment at that 
end to a minimum, an important feature since there 
is often but little space avaUable for additional apparatus 
in existing offices. Post Office practice largely influences 
the development of the art; innovations suggested 
by Post Office engineers have become standard, and 


may be found in service in many parts of the world. 
In this connection the work of the Post Office engineers 
in investigating grading methods of interconnecting 
is likely to prove particularly valuable to the industry 
at large. 

Mr. W. Aitken : The idea of telephoning great 
areas has always had a fascination for telephone 
engineers. Prior to 1900, Mr. A. R. Bennett put forward 
a system having this object in view. In 1903 I read 
before the Institution a paper * advocating a manual 
system of three divisions whereby the subscriber, in 
addition to lifting his receiver, by pressing one or other 
of three ke}^ could get into any one of three great 
divisions. In 1914 I advocated, or at least designed, 
a s^j^stem (British Patent No. 53) for the tandem working 
of junctions, a system which is a valuable feature in 
the present director system. In that case I associated 
an electro-mechanical coding sender with the jack of 
each outgoing junction line. In 1919 we had the paper 
by Laidlaw and Grinsted, who put forward their ideas 
for automatic development, in which connection I also 
read a paper in 1911 chiefly on the Strowger system.f 
Now we have this system, in its director form, put 
forward and actually being installed by the author, 
a system which, in my opinion, represents one of the 
most wonderful creations and designs of the human 
mind ever known. It is marvellous in its adaptability 
to the business and social needs of a great community. 
It is almost confounding in the intricacy and efficiency 
of its circuits, and it is avre-inspiring in the more tlian 
human exactness, discrimination, reliability and dur¬ 
ability of its switches. The system of grading trunks 
from a small group to a large group—^first and second 
choice—was known, at least, in 1910 and was described 
in Smith and Campbell’s Automatic Telephony ** in 
1914. Siemens and Halske in 1913 (British Patent No. 
12566) divided at one or more places the multiple leads 
connecting the several parts of the divided leads to 
different lines of the group, the contacts of the divided 
leads being preferably the first engaged. In 1914 
(British Patent No. 20453) I applied this to manual 
and semi-automatic systems, with direct trunks, without 
order wires, an operator pressing a key to glow a group 
of multiple engage lamps, and first using an idle trunk 
in the first-choice sub-group until these were all busy, 
and then taldng up second-choice trunks. This was 
submitted to the Post Office but was withdrawn at a 
later date. In 1915 I developed a multi-choice arrange¬ 
ment (British Patent No. 16287) on the lines put 
forward by the author. Unfortunately for the originality 
of my idea (it was original in this country and in many 
others, according to the Patent Offices) there was an 
American patent on the subject and it seemed that 
what I had put forward had been advocated in America. 
Like the British patent, however, the American patent 
had been ignored until rediscovered or invented by the 
Post Office engineers. The graded wiring of trunks 
is now put forward as the most valuable contribution 
towards increasing the efficiency of small switches and 
making their efficiency approximately equal to that 
of switches of great capacity. In 1916 1 designed 

♦ Journal 1003, vol. 82, p. 706. 
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“ multiple graded access (British Patent No. 108714) 
in which a diminishing number of trunks in each access 
were multipled a plurality of times over a large group 
of incoming lines (one or more thousands), ,the number 
of trunks in each access having, preferably, no common 
divisor, such as 19, 17, 13, 11, 7, 6 and so on ; 19 trunks, 
for example, would be multipled over each sub-group 
of 19 lines in the group, as first choice; 17 trunks over 
each 17 lines, as. second choice, and so on; so that 
adjacent incoming lines had access to a different set of 
trunks. My object was to find a means of making 
systems with small switching access, say to 5 or 6 
trunks, efiicient, and tests showed that that object 
was very well attained. 

Mr. J. E. Gollyer: The automatic telephone 
programme will give great satisfaction to everyone, 
and particularly is this the case with regard to London, 
When one learns from the paper the history of the 
development, one can appreciate the magnitude of 
the difihculties encountered and the importance of the 
decisions that had to be made. When a course is chosen 
from several alternatives there are bound to be doubts 
and disappointments. After reviewing the matter 
carefully in the light of the paper, I think that the 
Post C^ce has acted wisely. Speaking as a repre¬ 
sentative of the engineering staff of the General Electric 
Co., we are determined to give the Post Office all the 
assistance in our power in carrying out its programme. 
The author suggests that such standardization as is 
taking place has nothing to do with any idea of finality 
or fixation of practice. One has only to turn to other 
instances to realize the advantages of standardization. 
At the same time I feel—^in common, I think, with 
many other engineers—^that this matter shoiild be 
dealt with very carefully and diplomatically at this 
stage, as otherwise there is a great danger of standardiza¬ 
tion affecting progress. The fact that something is 
considered good enough for the time being must not 
result in the cessation of further effort. In the opinion 
of many engineers there will be very considerable 
changes during the next few years, 

Mr.' G. Deakin: The author sets forth clearly the 
difficulties encountered by engineers when attempting 
to solve the telephone problem for very large networks, 
and his final selection of a system of translation for 
London is an appreciation of the economies which trans¬ 
lation affords. At some later date it will be interesting 
to compare the results obtained in London with those 
obtained in Berlin where translation will be avoided. 
Office-prefix translation is now in use in many cities 
in America and in one city in Europe, namely, Copen¬ 
hagen. The idea of spelling the office prefix by placing 
letters on the dial was conceived by Mr, W. G. Blauvelt 
of the A.T. and T. Co. The first flexible translating 
register circuit was produced by Mr. A, E. Lundell, then 
of the W^estem Electric Co. of New York. The Copenhagen 
•circuits were developed by Mr. L, Polinkowsky, of 
Antwerp. It is stated in the paper that a satisfactory 
amount of traffic can be carried with 10 contacts in a 
bank-level. Presumably this means that the author is 
satisfied that such an arrangement is economical, both 
as regaxiJs the inside and outside plant. I have made 
studies of two Continental cities and in each case found 


that a real saving could be made by employing larger 
junction groups. In these studies the junctions ‘were 
calcnlated for three conditions as follows : {a) undivided 
groups; (2>) groups of 30 which are now obtainable in 
the rotary system of the Western Electric Co.; and 
(c) groups of 10. The average results were as follows ; 
Plan (5) required 23 percent more circuits than plan (a); 
plan (c) required 69*per cent more circuits than plan (a); 
while plan (c) required 38 per cent more circuits than 
plan (6). These figures are not negligible, but the real 
answer has more to do with the length and character of 
the junctions involved. Where the junction routes 
are short, underground and in cables of many conduptors, 
the annual cost of the excess junctions may not be great, 
but where the junction routes are long and important 
the result would seem to be the reverse, I do not 
dispute the accuracy of the author's statement as regards 
London, but it comes as a surprise to me. Tandem 
trunking is one of the economical features of an auto¬ 
matic system, and I presume that the statement with 
regard to the efficiency of a group of 10 jrmctions does 
not apply to all points on tandem routes. The reason 
for tandem trunking is, as the author states, to increase 
the efficiency of long and expensive junctions, and one 
of the ways of doing this is to increase the size of the 
junction group. Grading will, of course, help, but 
grading applies to both large and small groups. The 
paper brings out very clearly the advantages of grading 
which is now universally recognized as both economical 
and proper. The real efficiency of any particular form 
of grading is, however, at the present moment open to 
dispute, since it seems to be impossible to demonstrate 
mathematically, to the satisfaction of all, within practical 
time-limits the efficiency of such schemes as that 
shown in Fig. 12, which is but one of a very large number 
of similar schemes that may be applied to the various 
stages of selection. Furthermore, in trunking from the 
group selectors, i.e. from the first, second, etc., selectors, 
the scheme of grading must be very general and capable 
of immediate application from day to day when increases 
or decreases in equipment are being made. In planning 
any scheme of grading the abnormal conditions actually 
met with must be taken into consideration. This is 
particularly important in grading small groups, for the 
reason that a fe^ calls of abnormal duration unfortu¬ 
nately placed may seriously affect quite a large number 
of switches. The author mentions that cordless* " B " 
positions will be used to establish connections outgoing 
from the existing manual exchanges to the new auto¬ 
matic exchanges, and gives, as the alternative, dials 
placed on the " A *' positions by means of which the 
" A •* operators may dial direct. This method of 
direct trunking is obviously not economical, but there 
are methods of direct trunking which are. I refer par¬ 
ticularly to key-set direct trunking from ** A " positions 
over individual junction jacks. This scheme of trunking 
is made economically possible by the use of large-capacity 
high-speed power-driven finders. Each A operator 
is provided with 2, 3, 4 or 5 individual jacks, as traffic 
requires, for connection to each automatic office. On 
each " A " position is mounted a small 10-button key¬ 
set approximately 2jin. x 3Jin. This key-set is held 
by clips so that no cutting of the existing keyboards is 
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necessary. The direct trunking equipment has no 
connection whatsoever with the “ A ” cord circuits or 
ydth the operator’s telephone circuits, so that the existing 
manual equipment need not be disturbed in any way. 
The method of operation is as follows: The manual 
subscriber gives the ** A ” operator the wanted number, 
for example, Gerrard 1466. The operator upon hearing 
the. prefix immediately inserts the calling plug into an 
idle junction jack to the Gerrard office, no busy test being 
necessary. As soon as the number has been checked 
with the subscriber the operator depresses the wanted 
jiumber on the key-set one digit at the time, each time 
depressing the proper button all the way down. The 
four buttons may be depressed one after the other, 
providing the operator is able to do so, within fsec. 
without failure. The operator finishes with the setting¬ 
up of the call with the depression of the last button. 
From now on, the call takes care of itself. The great 
advantage of this sort of direct trunking over order- 
wire trunking is that the ** A ** operator’s load may be 
increased while B ” operators are dispensed with. 
Direct trunking with key-sets is not new and has been 
in satisfactory operation in America, in connection with 
the panel system, for some time. In America, however, 
multiple outjunction jacks are still used so that an A ” 
operator must select the junction and connect it to her 
key-set, and this she does by depressing an office key, 
similar to an order-wire key, which causes the number 
of the assigned junction to be displayed before her. This 
extra operation constitutes quite a little work over and 
above that required under the afore-mentioned individual 
jack scheme, but even with the American scheme the 
relative weight of a trunked call has been brought down 
from 1 • 6, which is the well-known order-wire figure, to 
1*21. It is confidently expected that the individual 
jack scheme which^will be put into operation in Switzer¬ 
land early next year will reduce the weight of a trunked 
call to that of a call completed directly in an A ” 
multiple. The factors which tend to decrease or simplify 
Ihe work thrown upon the ** A ” operator may be briefly 
stated as follows : (1) No repeating or checking with 
another operator; (2) elimination of order-wire key or 
its equivalent, and the associated delay; (3) individual 
junction jacks reducing time of jack selection; (4) no 
busy or check testing of junction jack^* (6) very short 
reach, which incidentally reduces cord congestion; (6) 
no te^ work required or divided responsibility;* (7) 
operator may plug into junction jack as soon as wanted 
prefix is heard and before or while the number is being 
checked with the subscriber; (8) number may be 
flepressed on key-set as fast as the operator can work, 
and in the most simple manner. Studies have been 
made to determine what saving might reasonably be 
expected from direqt trunking when applied to manual 
offices. In one study a network of eighteen 10 000-line 
offices was considered, nine automatic and nine manual. 
Each manual office was assumed to complete 10 per cent 
of the originating calls locally in a subscriber’s multiple, 
to trunk 45 per cent to other manual offices over order- 
wire junctions and the remaining 45 per cent to auto¬ 
matic offices. In comparison with cordless " B ” 
trunking, the study showed that direct trunking saved 
fifteen A ” and eighteen'' B ” positioi)^ for each manual 


exchange of 10 000 lines. The study also showed that 
the cost of the direct trunking equipment was not 3iuch 
greater than that of the cordless B ” equipment plus the 
excess “ A ” position equipment made necessary by the 
use of cordle'Ss " B positions. In this particular study 
the net annual saving for each manual office of 10 000 
lines was estimated to be 600 000 francs (French). This 
saving will increase in proportion to the growth of trunk¬ 
ing to automatic. Incidentally the capacity of manual 
switchboards increases with the growth of the automatic 
system, so that additional subscribers may be added 
to existing manual exchanges without extending the 
sections. Direct trunking improves service during the 
transition period. Order-wire trunking has never been an 
ideal form of trunking and never will be. It has rarely 
been successful on the Continent, and in many important 
instances has been a dismal failure. On the Continent 
to-day, in large manual networks, there are many 
methods of trunking other than order-wire in actual use. 
Even in America, where order-wire working has been 
very successful, a new scheme of trunking called 
straight-forward trunking ” has come into vogue. 
Under this scheme an order wire is not used. I am not 
able to give any details, but it would seem from the 
information so far received that the trial installations 
are very successful. An order wire requires the best 
possible team work between two operators, and even with 
the best team work the possibility for misunderstanding 
is always there. The order-wire method of trunking 
is a constant source of wrong numbers, double connec¬ 
tions and hang-ups.” Furthermore, the order wire 
at moments of overload and even at other times may be 
a serious source ^of delay to the ” A ” operator, resulting 
in slower and less satisfactory service and in lower 
operating loads and more costly operation at the “ A ” 
end. When all these points are fuUy considered, direct 
trunking under proper conditions appears very attrac¬ 
tive. 

Mr. W. H. Grinsted : The author has, at more 
than one point in his paper, drawn attention to the 
complexity of the apparatus. It is very important 
to see how this complexity tends to affect the reliability 
of the system. A connection in an automatic system 
is made up, lilce a chain, of a large number, of links, 
and the success or failure of the connection depends 
entirely upon the reliability of the individual links. 
The failure of any one link will interfere with the 
completion of the connection. I am not sure 
whether it is generally realized what a very large 
number of links is involved. I am using the word 
” links ” to include not merely the trunks connecting 
successive ranks of switches but also the separate 
movements or functions of each piece of apparatus. 
Taking the London system as an example, and choosing 
a call between two adjacent exchanges, the number 
of individual movements of different pieces of apparatus 
—^movements the failure of which would interfere with 
the success of the connection—amounts to 665 for one 
call. If we count the number of circuit openings and 
closures and regard each time a circuit opens or closes 
as a function, the number amounts to 1 530. Taldng 
the average provincial system, the figures are 169 
(reckoning, movements alone) and 600 (taking into 


^count circuit-changes). Carrying this idea a little 
further, the importance of each piece of apparatus from 
the maintenance point of view depends both on the 
number of functions it performs—^its complexity in 
a way—-and the amount of traffic passing through it, 
i.e. the number of times it is asked to function. Taking 
the director system and calling the traffic carried by 
a line switch unity, that carried by a selector, on the 
average, might be represented by 10 and by a director 
by about 60. Not only is the traffic concentrated on 
the director to that extent, but the director performs 
a far greater number of functions. Out of the 666 
movements to which I have referred, the director 
accounts for 234. If, then, we compare the different 
parts of the equipment on the basis both of complexity 
(number of functions and movements) and traffic (the 
number of times it is asked to function) we might repre¬ 
sent tlie importance of the line switch and its a-sarviai-pri 
apparatus by about 10 movements multiplied by 1 
whereas in the director the corresponding figure will 
be about 234 multiplied by 60. That shows how very 
important the directors are and how large a share 
of tlie attention of the maintenance staff they are likely 
to occupy. Another point which I should like to raise 
IS the question of what I might call the means of self- 
defence for automatic exchanges. The exchanges are 
designed to carry a certain traffic, but that traffic is an 
average traffic. It may or may not be the average of 
the busiest times. Strictly speaking, I suppose, it should 
be ffie mean busy-hour traffic over the busiest season 
Of the year. There are, however, times when abnormal 
events take place; there are periods of excitement 
such M elections, fires, races, accidents, etc. Occasion- 
» breakdowns. On an automatic 

exchtoge tliese events are liable to cause overloads 
resultmg m considerable congestion. The group selectors 
we prodded means for dealing with congestion 
of that kind. The switch, if it cannot find a free outlet 
rans ovM to the 11th position and remains there con- 

calling hne. To bring 
a^ut that state of affairs, however, the call must reach 

or more of them engaged 
* the rime ^hen it is most needed. It would 
desirable to deal with overloads 
at tee pint where tee line enters the exchange 
^mely at the hne switch. This involves some arrange- 
^nt by mea^ns of which false calls due to permanent 
l<mps and calls which cannot be completed owing to 

is common smitoWns •Ppamtus 

hP 7 overload. It would 

a Ion? indicate in his reply how 

W IS arranged to deal with an atoormal 

lo^ of the kind to which I have referred. 

Christian (communicated ); The decision 

round S 

eS i^te^m is oae of far-reaching 

t m the matter of cncuit design generally. This 
^ rnore p^ticularly the case if otoe rignals, such a“ 
tee suppvisory signal, are also effected by loop sitmaic 
men signals such as teat necessary to STclS 

ri would^?^ operator are also required. 

It would mdeed appear impossible to retain pure loop 


prohibitive compKcation. 
This latter meaning cannot, of course, be read into the 
d^^ip given in tee paper, and te; London sysS 
does md^d employ leg signals for such cases.^ Mr 

mentioned tee advantage of 
mcre^ed juption resistance which accrues from leg 
signalhng and has spoken of a system of impulsing ova 
junction in parallel,^which still 
mcreases tee workable junction resistance. 
A method of parallel leg working devised by myself 
b. df talcmm to ais a., to 

mCTeasmg tee permissible junction resistance, it also 
ov^comes any fear of interference from variation of 

induced from power 
systems. The pnnaple involved is to arrange for 

SS; *» P«; over Urn Jaucdon leg, to 
directions, so that any interference from external 
source sfr®ngte®ns tee impulse in one leg while S- 

lefdQ it ^ method of parallel leg working 

readily to mcorporation in a leg signalling 

to BritS”! TT’ *^® principles adopti 

m British stendard manual practice. While the above 

^ ^ ^ convenient method of overcoming 
possible interference with leg dialling from pow^ 

Mte ? ?? adoption for this reason 

offiy wouldeyer bejustified. Mr. Bartholomew stated in 
^® ‘^‘snussion on his paper ♦ that the esti- 
m.M to to mmth potoSltol Hdm ^ 

be greater than 1 m 600 000, and that tee degree of 

te?t ’^® rimes as great before 

^ stand^d of the service would be sensibly affected. 
Even so, the loss of 1 call in 10 000 must surely be 
msigmficant compared with the calls lost due to insuffi- 
ciency of switches or other causes. 

Tirif?!?* (communicated): In connection 

mte the dialhng tone referred to 'by Mr. Laidlaw, 
ere are, to my mind, more disadvantages of the 

no™? °”® he referred to, 

of the tone by the subscriber. 

' ^ develops on the subscriber’s 

*°"® “ri will therefore 
^ apparatus available to receive 

his call—tens delay will be caused in reporting tee 

wS rile dialling tone generator 

will have to . be, comparatively large as the tone will 
oe connected m the greater majority of calls: Ic) to 
an inexperienced subscriber tee tone will indicate that 
he wiU therefore refrain from 
diallmg. I would therefore suggest that tee present 
practice be reversed and the tone only connected when 
there is no apparatus available to the subscriber. This 
nieteod would apparently obviate all the above dis- 
advantages. 

®®riley (communicated) : Mention is m ad e 
tffioughout the paper of ceriain essential conditions 
wffich have to be catered for in a large area such as 
London, Md I should like to emphasize one or two 
pomto. The four essential conditions to which I wish 
to refCT are : (1) Freedom of routing; (2) large groups- 
of outgomg junctions; (3) large groups of private 
branch exchange subscribers’ lines; and (4) sateUite 
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working. The provision of the 500 line units in the 
panel system makes it inherently suitable for conditions 
(2) and (3), whereas in the director system with its 
maximum of 10 contacts it is necessary to provide 
special auxiliary equipment to meet these requirements. 
Even with the provision of this auxiliary equipment, the 
amount of number changing will be larger with the 
director system tlian with the panel system. In these 
two respects, therefore, the panel system has the 
advantage. In order to obtain this advantage, however, 
a non-decimal system has been adopted and conse¬ 
quently conditions (1) and (4) cannot be so economically 
catered for as in the director system, for the following 
reasons. In the case of'' Freedom of routing,*' whenever 
a call arrives in a panel exchange a sender equipment 
or its equivalent is essential to accept, store, translate 
and route the decimal impulses for a call to any exchange 
and for any class of service as sent by the subscriber. 
It is interesting to note from a historical standpoint 
that the original design of the director, as exhibited 
to members of the Post Office Commission who visited 
America in 1922, dealt with the call in a somewhat 
similar manner, i.e. on the model provided for our 
inspection there were eight B and C switches on each 
director, so that each director was capable of routing 
a call for any exchange. In making the arrangements 
for the provision of a model in G.P.O. (West), I suggested 
tliat it ^should be designed to cater for the reception of 
the first digit sent in by the subscriber on a selector 
switch (now termed the " A digit switch **) which would 
route the subscriber to one out of a group of eight 
directors for the remainder of the call. These eight 
segregated groups of directors, which are approximately 
equivalent to one sender in the panel system, are capable 
of dealing with eight calls simultaneously instead of one 
in the sender of the pariel system. This segregation 
keeps idle plant at a minimum and incidentally has 
enabled cross-connection facilities to be embodied on 
each director instead of through a common exchange 
intermediate distributing frame as in the case of the 
panel system. It should, perhaps, also be mentioned 
that this simple cross-connection scheme was de¬ 
veloped by Post Office engineers. With regard to 
condition (4), a “ satellite ** exchange is one which 
depends upon a main exchange, termedi*tlie parent," 
for the routing of its originating non-fee junction traffic, 
i.e. the satellite exchange will route direct its own 
originating local calls and also its own no-delay trunk 
calls via the toll exchange. It will be apparent that 
with an exchange designed on a non-decimal basis, 
as in the case of the panel system with its 500-line 
units, some equipment equivalent to a sender must be 
provided to accept, store, translate and route each 
call. For satellite exchanges, however, such sender 
equipment should be eliminated. With the director 
system designed on a decimal basis, all that is necessary 
is to allow all calls to be received at the parent exchange 
on directors used jointly by the parent exchange sub¬ 
scribers, and to arrange at the satellite exchange for 
discriminating equipment to function for the code of 
its own exchange and when " TOL '* is dialled. Under 
these conditions the parent exchange will be set free, 
and the satellite exchange step-by-step plant will then 
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operate direct from the subscriber's dial, i.e. there, will 
be no directors provided at the satellite exchange. 
Circuit arrangements in director areas for such facilities 
have already been developed by Post Office engineers. 
In conclusion, I think it can be stated briefly that the 
main fundamental difference between a panel and 
director exchange equipment is that in the former the 
design caters for dealing with all service conditions 
at one point in the system, whereas the latter is based 
on designing the trunking scheme to arrange for the 
provision of plant suitable for the particular call at the 
most suitable point, i.e. the various classes of calls are 
summarized and converted into traffic units, and plant 
is provided accordingly for each particular requirement. 

Mr. G. A. Hollings (communicated) : Speaking as a 
village subscriber, I am disappointed to learn that so 
little is apparently being done for rural telephony. 
This branch of the telephone network is deplorably 
backward, and rural services are extremely bad. Half 
the exchanges of this country are rural exchanges, but 
in many of these there is no night service, and only a 
partial service is available on Sundays. In some 
districts the demand for service is refused altogether. 
Is it not possible in cases where the community is 
particularly small or remotely situated to install a very 
small automatic exchange, say from 5 to 10 lines, in 
a sentry box at the foot of a pole or in the local general 
shop ? It is comforting to know that two Post Office 
rural automatic systems were installed last year. Pre¬ 
sumably these plants were produced by the Post Office 
itself, but no indication is given as to the principle of 
their operation. Possibly they are the forerunners of 
a general scheme for rural conversion. Owing to the 
diversity of conditions in different countries it is rarely 
wise for one country to adopt the telephone practices 
of another, and, as we have seen, tlie Post Office has 
not considered it expedient to follow the methods 
especially suited to New York. I make this remark 
as I have observed, in the course of experience abroad, 
that there is a marked tendency on the part of over¬ 
seas tele^>hone administrations to accept the decisions 
reached in this country, without paying sufficient 
regard to the very special conditions that determine 
the trend of development here. Informed opinion is 
by no means unanimously in favour of tlie step-by-step 
principle ; indeed it is suggested in this paper that this 
principle suffers from certain disabilities in comparison 
with other systems. Such systems as the Rotary, Relay 
and Ericsson have all passed with high honours the criti¬ 
cal test of practical application. Each has its peculiar 
merits and claims : the Rotary for the positive action 
and robust construction *of its contacting parts, the 
Relay for the amazing simplicity and almost motionless 
and silent action of its apparatus, and the Ericsson for 
the general beauty and excellence of its switch design. 
It is to be hoped that these systems will receive a full 
measure of practical support wherever automatic 
development is contemplated. The utility of dialling 
tone is open to question. In every 500 calls about six 
will fail owing to congestion at various stages of the 
switching, but only one of these failures will be notified 
to the calling subscriber. To sum the matter jip, a 
busy subscriber who attentively listens ^or the dialling 
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ton^ on every call may expect to save Viitnaa'lf the 
trouble, about once in 2 months, of performing a useless 
dialling operation on a call that is foredoomed to failure 
when the receive is lifted. The gain is itifinitftgitn^i 
wd it is safe to predict that this tone will be generally 
ignored. In view of ilie fact that there are three other 
infimtely more important tones to be interpreted, 
I think that it would be no loss if this one were suppressed 
altogether. It would appear that where a 20 000-line 
or 30 000-line automatic exchange is required it is 
customary to install two or three separate 10 000-line 
exchanges in one building. The factors that dictate 
such a subdivision of the plant are not dear. 

Mr. O. Hurford {cotntnunicoied^ i The ground covered 
by the paper is so extensive that one has to take for 
granted the general principles and curves mentioned. 
There are. however, a few points which are rattier 
sweeping in character. The author states that the 
theoretical ti^k-hunting capacity of 10-contact or 
26-contact switches with secondaries would be increased 
to 100 or 260 circuits; I think it will be agreed that the 
100 per cent efficiency of secondary switches inHiV a tBtj 
although highly desirable, is never obtained in practice. 
I am inclined to believe that the author has this in mind 
as he states on ttie same page that “ the theoretical 
method of attacking problems of switch layout is often 
exceedingly difficult and leads to results which are tedious 
to evaluate.” The whole of section (6) gives one the 
impression that supporters of the large-capacity switch 
are working along wrong lines, as the author indicates 
that the same results can apparently be obtained with 
small-capacity switches combined with suitable grading 
^emes. Although grading can be used witti bene¬ 
ficial results, its efficiency is always less than that of 
large-capacity switches with direct outlets. The author 
states that the panel system ” lias been ina tallerl to a 
capaaty of more than 260 000 subscribers’ lines.” I 
^ not quite sure of the meaning of the word " capacity.” 
The first two panel offices placed in service were those 
at Omaha, and were cut over in January 1922 witti 
approximately 13 600 lines equipped. In the ^me year 
four other offices were placed in service with a total 
of approximately 24 400 lines. A total of 68 full- 
automatic panel offices with over 400 000 lines equipped 
were in service at the end of February 1926. These 
figur^ include extensions to the original equipments. 

tto number, no less than 24 offices with approxi¬ 
mately 184 000 lines, i.e. nearly 76 per cent of the 
^c^ge lines in London, are now in service in New 
YOTk aty. The author states that the panel system 
m bo^ costly and complex, but as he also states ttiat 
the circuit arrangement of the director system is neces¬ 
sarily somewhat complex, one is led to beUeve that there 
m not very much to choose between the two systems on 
this STOre. A similar inference might also be drawn 
om the remark regarding the difficulties involved in 
ainmg the requisite staff for handling the panel system, 
^1- referring to the system for London, 

statmg that automatic developments on so large a scale 
necessitote the provision of a very highly skilled staff 
to en^eer, supervise and maintain the exchanges, 
iteferrmg to the conversion of London to the automatic 
83 ratem, the author states that call-indicator equipments 


will be progressively thrown out of service during the 
period of transition. Studies of conversions of large 
^eas have indicated that these equipments will go on 
mcreasing for a number of years before the maximum 
is re^hed. If the automatic sjrstems for Manchester, 
Bin^gham and Liverpool are to wait for call-indicator 
equipments to be recovered from the London exchanges, 
then I am afraid that any hopes that these towns may 
have of being converted to automatic in the near future 
are doomed to disappointment. 

Mr. T. B; Jotmson (communicated) : On page 622 
it is stated that if the number of local calls which 
might be switched automatically will not exceed 3 000 
day within the 10 years' period, manual equipment 
y^l be installed without question." It would be 
interesting to learn the reasons which have caused 
decision, as there would appear to be many cases within 
these limits which could be worked more suitably by 
automatic than by manual equipment. In the " border 
line " cases referred to it should not be overlooked that 
by the use of automatic equipment subscribers would 
obtain: (a) A ihore prompt response to calls; (h) a 
quicker reply from the called subscriber; and (c) 
immediate disconnection at the end of the conversation. 
These important advantages would surely justify the 
provision of automatic exchanges in all such cases. 
In the case of Keighley shown in Appendix I, it is 
obvious that the small balance of cost in favour of the 
automatic is due to the small proportion of loc^ trafi&c 
I and the comparatively large number of calls left to be 
dealt with by the manual operators. These calls are, 
however, chiefly over short-distance junctions, and on 
the introduction of a " time and distance " basis would 
all be removed from the manual operator, thus leaving 
a much larger balance of cost in favour of the automatic 
equipment. The same considerations doubtless apply 
to Maidstone and Macdesfleld* An important point in 
connection with private exchanges is that the operating 
should not merely form part of some person's duties, 
but that a thoroughly competent operator should be 
employed, and that it should be her sole (or at least 
primary) work. In some cases junctions are held up 
because operators at private branch exchanges are 
engaged on other work. The time spent by operators 
in writing out# tickets for comparatively short-distance 
calls is so considerable, and the slowing-down of the 
operating so serious, that the introduction of a " time 
and distance " basis is urgently necessary. Operators 
should, as far as possible, be employed on operating 
only, and the introduction of other classes of work, such 
as ticket writing, avoided to the utmost possible extent. 
Although the expense caused by providing for the peak 
of the load is not so great in automatic as in manual 
work, it is appreciable. It is thought that reduced 
charges during the normal slack periods should be 
introduced, especially as a large number of manual 
exchanges will be in operation for many years to come* 

In one large manual exchange (which may be 
representative of the whole) the calls rise from 600 
between 8.30 and 9 a.m, to 4 400 between 10 and 10.30, 
dropping again to 1 200 at 1 to 1.30 p.m. and rising 
to 3 400 from 3 to 3.30 p*m. If by reduced tariffs 
during the slacker periods 1 000 of these calls could be 
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transferred from the peak hours, the number of operators 
could be reduced by 10, with corresponding savings in 
apparatus, wiring and space. 

Mr. W. Johnston (communicated): The rapidity with 
which automatic telephony has developed, and the 
constant changes and advances in the art, have almost 
bewildered the ordinary telephone engineer who is 
anxious to do the best possible both economically and 
technically. The review which the author gives of 
the whole situation, and the reasons he sets out on 
page 636 justifying tiie choice of the step-by-step system 
for London, are most valuable. I doubt if he is fuUy 
aware of the important aid he has given to those outside 
the British Post Office service who are anxiously strug¬ 
gling with the subject of telephone engineering. On 
page 638 it is stated that decisions were taken to feed 
subscribers* talking and signalling current to the loop 
at final selectors or at outgoing junction repeaters and 



that the registration on subscribers* meters was to be 
effected by means of a booster battery, whereas on 
page 642 this seems to have been abandoned and the 
S 3 ^tem of feeding from the first selector and the simple 
metering adopted for London. Some years ago I had 
a Siemens equipment installed in Valparaiso with this 
system of feeding which seemed a step in advance, and 
I am glad to have this confirmed. However, the author 
still apparently retains the final selector feed for the 
called subscriber, and I am unable to understand the 
reason for this. With regard to grading, which is very 
clearly dealt with on page 627, I am glad to find that 
this is practically the same as arranged by Messrs. 
Siemens Brothers for the plant at Valparaiso. The 
gradings at Valparaiso are only between selector levels 


and do not take the place of secondary pre-selectors. 
A tj^ical grading is shown in Fig. A, which is on the 
same lines as the arrangement set out in Fig. 12. It 
appears to me that the author must have some confir¬ 
matory data with regard to the statement on page 629 
that the grading scheme effects substantially the 
same economy as the use of secondary line switches.** 
I should like to ask him if he could give the exact 
efficiency of grading as against second pre-selectors, 
which have given us every satisfaction and the faults 
on which have been very small indeed. Second pre¬ 
selectors should, by giving access to something like 
100 selectors, be more efficient, and moreover the use 
of a 25-contact pre-selector would appear to increase 
the cost of an exchange both as regards apparatus and 
floor space. 

Mr; E: A. Petithory (communicated) : It is alwa 3 rs 
interesting to look forward in telephony and, if possible, 
profiting by past and present experience, to anticipate 
the probable trend of events. This the author has, by 
his various decisions, attempted to do. In Fig. 14 is 
given a reproduction of an extract from a New York 
telephone directory, showing the method of listing the 
telephone exchange numbers in connection with the 
panel system. It is understood that this same method 
of listing is to be used in the London telephone directory. 
While this method appears to be, and probably is, very 
sound, the experience in the United States in cities 
using this t 3 ^e of numbering has been rather peculiar 
and in some respects undesirable. In a recent copy of 
the Kansas City Citian I observed that the majority of 
the advertisements gave no telephone numbers. This 
seems to be an adopted policy, as the telephone com¬ 
pany's advertisement also gave no telephone number. 
Where telephone numbers were given some were 
printed correctly, i.e. two large letters followed by the 
balance of the exchange name, while others gave the 
exchange name in ordinary type. On one page was 
printed a large list of telephone numbers, and here the 
two first or initial letters only were given, the balance 
of the exchange name being left off, so that the exchange 
names became corrupted, i.e. MA for Main, etc. The 
same corruption is, I understand, also taking place in 
other cities in the United States, such words as “ Center ** 
becoming CEN. It is fairly obvious that the same thing 
is liable to occur in London. It would appear that the 
Post Office should endeavour to make newspapers and 
subscribers fojilow the telephone directory method and 
not corrupt the exchange names. Such corruptions on 
advertisements, letter paper, etc., will make it necessary 
for the user to look up the directory for the correct name, 
particularly when placing toll and trunk calls. On 
pages 664 and 666 the author refers to a suggested 
method of registering normal time units and illustrates 
a method of operating the subscribers' meters. From 
the experience that most telephone engineers have had 
with subscribers* meters, to work them in some cases 
10 or 12 times during a call is not at all alluring from 
a life point of view; further, the interrupters with 
their various cams and attendant apparatus for switching 
in the meter impulse, etc., would probably be found 
to be very expensive. As a practical alten^jitive I 
would refer the author to suggestion^ outlined in the 
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pap^* by Messrs. Laidlaw and Grinsted, in which they 
onthne the following method of metering, which elimi¬ 
nates all mechanical dif&cnlties and would probably 
prove to be economical: ** A simple apparatus based 
upon electro-chemical principles, the record depending 
upon the time it is in circuit and the strength of the 
current, which is regulated according to the rate at 
which the call is to be charged.'' 

Mr* S* H. Pook {communicated) : It is stated on 
page 646 that each caJl-indicator operator will handle 
460 calls per busy hour, and that this is probably a 
conservative estimate. I think that it is very much 
on the low side. An order-wire operator can take this 
load, and call-indicator working is much simpler than 
order-wire working. I have recently seen call-indicator 
operator regularly taking a load of 600 calls per busy 
hour with ease, and under test it was found that thev 
could go as high as 600 calls per busy hour. At this 
point difficulty was found, not from -their being over¬ 
loaded as regards operation, but from the cords becoming 
so interlaced that they were difficult to disconnect. 
Tliis was with ordinary call-indicator working, but with 
coder call indicator, as suggested for London, the 
interlacing difficult}' should be eliminated to some 
extent, and it will not be surprising to find that a load 
of 600 calls will be looked upon as normal. The paper 
gives the impression that call-indicator working and the 
pumber of positions will be at a maximum at -the ou-tset. 
This of course is not so; it will increase considerably 
until a time amves when roughly half the lines in the 
^ea are workmg on each system, after which it -will 
begin to diminish. For an area we are at present 
* Journal 1919, supp. to voL 67, p. 168. 


investigating, the proportion between automatic and 
manual lines and -the ratio of call-indicator working and 
of total exchange lines for three periods are as follows 


Percentage of lines 

Ratio 


Auto 

C.B. 

C.I. 

working 

Total 

exchange 

lines 

At present 

20 

80 

I’O 

1-0 

6 years hence .. 

60 

40 

2-6 

1-6 

10 years hence .. 

86 

16 

2-0 

2-6 


The well-defined maximum of auto-manual and manual- 
auto traffic means -that at one stage it will be necessary 
to buy call-indicator and key-sending plant to talce the 
peak traffic over the very short period, and it is under 
this condition -that high loads on call-indicator and 
key-sending positions are desirable, as it is evident that 
it will pay to work at a maximum load, relieving the 
operators more frequently, for a small period in order 
to obviate the purchase of such expensive and short-lived 
apparatus. On page 622, annual savings of £14 000 in 
Sheffield and £7 000 in Newcastle are given. I should 
like to know if this is the average over the whole period 
or if it is -the annual saving at the beginning ^r end 
of the design period, and also the number of lines 
involved. 

[The author's reply to this discussion will be found on 
page 676.] 


North-Western Centre, at Manchester, 17 March, 1926. 


Mr, W, J, Medlyn: A few years ago the author 
visited the United States to investigate the telephone 
problems there and to consider tlie solutions applied; 
a considerable portion of the subsequent report mturally 
dealt with automatic telephony. The paper shows 
very clearty that the problem is full of complexities, as 
stri^sed hy Hdx. Herbert who lias read the paper'on 
behalf of the author, but no matter how complex tlie 
mtenor constructional design of the system may be, 
cornmunication engineers, like electricity power supply 
en^eers, aim to present the service which they purvey 
to the users, or consumers, in the simplest and handiest 
possible form for actual utilization. I suggest that the 
success of any system in common use depends on the 
important condition. It is observed 
that the prmciples of economics are stressed throughout 
the paper; we appreciate that unless this important 
subject IS continuously kept in view no commercial 
system c^ be successful. It would be useful to have 
some additional information in connection wi^ the 
mechanical tandem exchange referred to on page 647. 
On reacffiig the description one is left in a state of doubt 
the transition period all the junc- 
on affic between all the various exchanges in the 
^i^on area will have to be circulated through the 
tandem exchange in the Holbom building, or Aether 


this condition will apply only to the smaller groups of 
junction circuits. Had the former been intended the 
congestion of tlie junction cables would present a 
serious problem. The application of the automatic 
system to the telephone exchanges in the Manchester 
district affects us more directly than the introduction 
of the system in London. . The same principles are, 
however, applicable in both cases, and plans for con¬ 
verting all the exchanges within a radius of 7 miles of 
the Manchester Town Hall are already well advanced. 
In Section (4) the author states that in areas of great 
telephone density it may be economical to establish 
two or more exchanges of 10 000 lines’ capacity in one 
building. This condition applies to the city portion 
of Manchester. A site has already been acquired for 
the erection of a new building in Chapel-street, near to 
^Exchange Station. This building will accommodate 
-three 10 000-line units, i.e. three separate exchanges, 
and in the York-street premises similar capacity will be 
found for the conversion of the manual system to 
automatic. In addition to these six exchanges there 
wdll be 31 otliers . within the 7-mile radius, matog a 
total of 37, as compared vdth a total of about 74 wdthin 
the 10-mile radius in the London area. The director 
system will be installed. The Stockpoit exch^ge, 
which is alread}^ automatic, will be modified to provide 
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equipment suitable for working into this system. The 
long-distance lines will continue to be terminated in the 
trunk exchange at the Head Post Office in Spring-gardens, 
but a “ toll exchange for intercommunication over the 
shorter lines connecting Manchester with the surrounding 
centres will be provided in the Chapel-street building. 
The telephone conditions in ]\'1 anchester will therefore 
be identical with those which have been decided on for 
London as regards long-distance trunk exchange service, 
toll exchange service, and direct intercommunication 
between all subscribers connected with the various 
automatic exchanges in the local area. It is hoped that 
some of the new automatic exchanges will be brought 
into use in three or four 3 ?'ears’ time. The author 
mentions on page 644 that he estimates a period of about 
15 to 20 years will be necessary to complete the conver¬ 
sion in London. Probably about the same period will 
be necessary to complete the work in the Manchester 
district. At the end of the paper the author touches 
on the question of the encouragement of home industries. 

It has recently been stated that the telephone industry 
in this country hnds employment for upwards of 100 000 
people, and it is gratifying to ns to know that a goodly 
share of this activity is distributed among the business 
undertakings in the South Lancashire and neighbouring 
districts. Some of these undertakings supply apparatus 
equipment, cables, overhead wire, underground conduits, 
and stprage batteries. It is satisfactory to know also I 
that, in addition to catering for home supplies, these 
firms have been able to build up a considerable export 
trade. 

Mr. H. H. Harrison : The “ director," which is 
the outcome of the deliberations of many minds, has 
gone througli a process of evolution. An early scheme 
embracing the use of switching selector repeaters 
operated as follows. If a letter, say M, was dialled, a 
group of trunks was seized going to all the exchanges 
whose first initial letter was M. As dialling proceeded, 
the junctions were discarded one by one until, finally, 
a free junction to the required exchange was the only 
one retained. This system had obvious drawbacks, 
the most serious being that a number of junctions 
were uselessly held until the third or discriminating 
letter was transmitted. The " universal switcher," as 
this axrangement was named, was (piiekly seen not to 
be the solution of the problem. The advantages of the 
“ director" system appear to me to bo as follows. 
The outstanding advantage is that the trunking scheme 
and the directory numbering are no longer interdepen¬ 
dent. The director makes it possible to take advantage 
of the elficiency of large groups of trunks. That, of 
course, is due to the fact that one is able to extend the 
principle of tandem trunking. It is no longer necessary 
to provide, as formerly, for trunk groups from each 
exchange in an area to every other exchange in the same 
area. Tandem trunking can be carried out to an extent 
that would be impossible with a manually operated 
network. The ‘'director" provides a simple means 
for re-routing calls when traffic conditions alter. Fhis 
can be accomplished without changing the directory 
in the slightest degree. The only point of resemblance 
between the ABC dial sender shown in l^ig. 27 and the 
calling dial which was used prior to the appearance of 


the Post Office standard dial, is the fact that it^ has 
radial finger-holds and is pulled round to a fixed stop. 
Beyond that all resemblance ceases. If the standard 
dial is examined it will be noted that in its operation 
two processes are necessary, a preliminary or setting 
process, and a subsequent transmitting cycle. The dial 
can be set at any speed within the operator’s capabilities, 
but the dialled impulses are sent oilf at a regular rate. 
This last is secured by a small governor inside the dial 
mechanism. In the ABC sender, however, the setting 
and transmitting cycles overlaj) completely and if it 
is operated irregularly, which is almost certain to happen, 
wrong numbers will result. One other matter which 
deserves brief mention is referred to on pages 654 and 
655. If a large area is divided hito zones for tariff 
purposes the director possesses peculiar advantages. In 
a large exchange system without director facilities, 
the route is set up from exchange to exchange and 
differential metering is not easy to accomplish. With 
the director, however, the code dialled, and the digits 
into whicJi it is translated, represent at the origina.ting 
exchange that one and only one route is going to be 
taken; and a meter or meters can be operated in 
accordance with the route to be taken.. 

Mr. B. O. Anson: It is not unlikely that the first 
question to be asked by an inquiring mind would be : 

" Is a ' director ’ really necessary ? " The reason for 
asking this question is that it would be quite possible 
to operate a telephone system with the dual purpose 
directory, enabling automatic subscribers to dial the 
code of the required exchange if the assumptions were 
made, [a) that every exchange had junction circuits to 
every other exchange, and [h] that the junction circuits 
were found on the banks of a train of switches corre¬ 
sponding to the numerical equivalent of the exchange 
code. These two assumptions immediately bring to 
light the important functions performed by the " direc¬ 
tor," for in the first place the provision of direct junctions 
from every exchange to every other exchange would 
preclude the adoption of tandem working, a most 
importaM aspect of automatic telephony. It would 
consequently commit the Administration to the pro¬ 
vision of extremely inefficient junction networks often 
made up of very small groups of long circuits. To 
enable a subscriber to find junctions to the required 
exchange from the natural point on automatic exchange 
banks would mean that traffic would have to pass over 
six selectors, three for finding the junction and three 
for finding the required subscriber after the junction 
has been found. It will therefore be seen that the 
junction line would be sandwiched between two very 
expensive trains of switches, and the consequent design 
of such an exchange would be very costly. The im- 
poi'tance of adopting a " director is evident from the 
consideration of certain large metropolitan exchanges 
where as much as 75 per cent of the traffic may be 
to a very few neighbouring exchanges, say five or six, 
the remaining 25 per cent being spread over all the 
remaining exchanges in London. It is quite possible 
with the “director" system to hand over this 75 per 
cent direct to the junction lines by passing the traffic 
through only one rank of switches, namely tf^e first 
code selector. As against that requirep.ent we have, at 
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the other extreme, traffic that must pass through tandem 
exchanges because it is so small in volume. To permit 
of a wide range of conditions* in this respect arrange¬ 
ments have been made for the director apparatus 
to send out as many as six trains of standard impulses. 
We therefore see that the three-letter code can be 
translated down to one train of impulses for very big 
blocks of traffic and translated up to five or six trains 
of impulses for very small blocks of traffic, and within 
these two extremes the practical problem is given its 
solution. In designing a manual exchange, attention 
has to be paid primarily to the operations performed 
by the telephonist, and for this reason the equipment 
is in the main based upon the busy-hour calling rate. 
With automatic plant, however, the designer must 
have regard to the average holding time of the call, 
as costly equipment is held engaged throughout the 
conversation. The speed and precision of an automatic 
telephone service are such that its superiority over 
manual service in large areas is undoubted and it is 
therefore reasonable to assume that, with a better 
service, subscribers will tend towards greater dispatch 
m their telephone service, and the telephone wiU play 
a greater part in their Hves. This should mean that 
the average holding time for a call wiU fail, but, as the 
subscriber will not have less business to transact but 
in all probability more than in the past, the total 
c^lmg rate should go up. It would follow, therefore, 
that the natural effect of good service should be shorter 
calls producing more of them, and, as the plant 

IS provided on the “ holding time " basis and the revenue 
collected on tlie "calling rate," there should be a 
prospect of greater profit for a telephone administration 
mder automatic than under manual conHiti^n *? 
Another factor that iUustrates the advantage of auto- 
^tic over manual service is the ratio of day traffic 
to busy-hour" traffic. At a manual exchange a 
caU must be operated whenev^ it occurs, and it costs 
more to operate a call during the night time and on 
Sundays than during the day time. With automatic 
equipment, however, it is necessary to provide plant 
to cope vwth the busy hour, but tire equipment, once 
provided, is available to give service with equal efficiency 
ay md night and there are no extra charges incidental 
to the mght and Sunday calls, beyond the consumption 
of Client. Whilst, therefore, the development of the 
telephime habit should produce a progressively greater 
proj^hon of traffic outside the busy hour, the auto- 
i^tic system will make that development more profit¬ 
able than would the manual S 3 istem. It is usual to 
^ume ttot the automatic system would not have been 
adopted ^ it not "proved in " finandally as com- 
p^ed 'With th^ manual system. The greatei- speed and 

automatic system, combined with the 
act that the manual system rapidly deteriorates under 
he^ dev^opment because of the increased junction 
toffic mmdeiital to development, makes the formm- so 
7 ^*® nltimate adoption can hardly be 
doubted, even had the annual costs been higher ;sub- 
SOTl^ would willingly have paid more for the better 

wwIylCO^ 

\ ^ case of the common-battery 
annal system ^t is the operator who has to get the 


correct number, whilst with the automatic system it is 
^e subscriber, and should a wrong number be obtained 
It IS his own fault. I recently saw it stated that the 
advantages of the automatic system are : (1) Secrecy : 
(2) speed of call; and (3) instantaneous and automatic 
clearance of connections. These points will no doubt be 
clear after an examination of the demonstration set 
In conclusion I should like to say that if the manufac- 
tmers m this country can deliver automatic telephone 
plant promptly when required, the Post Office Engi¬ 
neering Department has in its employment engineers,, 
mspectors and skilled workmen who are willing and able 
to carry out the change from manual to automatic 
systems. They will do their work expeditiously 
successfully, and with a m in i m um of inconvenience to 
the general public. 

Mr. T. Comfoot: I should like to say a few words, 
from the subscribers' point of view. On page 617 in 
the introductory remarks the following statement ia 
made; " In this economy of effort the subscriber has. 
sh^ed, and in modem ' manual' switching systems the 
required of him is that he should 
lift the telephone receiver from its rest before speaking, 
and replace it when he has finished." In the next 
paragraph the author says; "The adoption of the 
automatic system represents a reversal of this policy 
of economy of operation, so far as the subscriber is 
concerned, since it throws upon him the whole of the 
m^ipulation required to effect the ordinary"* local 
calls wffich generally constitute the bulk of his trans- 
actwns. ^ On page 622 the statement occurs : " Many 
authorities . . , argued that personal communication 
wi^ the operator was necessary in order to reassure the 
i pubhc and to ensure proper use of the plant. To meet 
this frame of mind several systems known as ' semi¬ 
automatic ' have been introduced." On page 621, 
however, the author, after reviewing the number of 
^changes installed and the experience which the 
Post Office has had with them, says that it was also 
proved that the automatic method of working was 
generally acceptable to the British pubhc. I read the 
other day that the conditions of the telephone industry 
are severe because aU that the user can see of the 
compUcat^ mechanism is a simple instrument, and 
while he is waiting for the operator seconds seem like 
hours and he becomes quickly irritated and form s wrong 
jmprrasions as to what is happening, or rather what is 
not happening. It may be that the solution or cure 
for this is to ^ow the subscriber to manipulate his 
own call and to eliminate tlie operator altogether. 
Perhaps that ^ what the author refers to when he 
suggests that it has been proved that the automatic 
method of working is acceptable to the British public. 

If this is so, then the more completely automatic the 
system can be made and the larger the local fee areas 
the more satisfactory it will be. At the end of page 629’ 
the author refers to a subject which has been widely 
dfecussed, viz. the method applied to the production 
of artificial traffic to calculate the total number of 
simultaneous calls at any one time during the busy hour. 
Telephone engineers seem here to have adopted a. 
common-sense method of dealing with a very difficult 
problem. 
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Mr. G. H. A. WUdgoose: It is interesting to observe 
that after an extensive trial of automatic systems— 
there are eight systems mentioned in the paper—under 
actual working conditions, the Post Office has found 
no cause for regret. Again the statement, made by Mr. 
Comfoot, that the British public has taken kindly to 
this method of working, is very encouraging. The ex¬ 
perience in connection with the one public automatic 
exchange in Stockport supports this statement; the 
service was so acceptable to the public that the 
Post OfBice was compelled to make immediate pro¬ 
vision for additional plant to meet the demand for 
subscribers* circuits. Previous speakers have alluded 
to the pending introduction of automatic worldng in the 
Manchester area. The preliminary arrangements in 
connection with this scheme have already given rise to 
several interesting problems. At the moment one such 
problem relates to the plant required to provide the 
necessary junction services, and it is assumed that the 
arrangements in general will follow those adopted for 
London. I think that has already been brought out 
clearly, but I should be glad of information on the 
following points : On page 623 it is stated that* junc¬ 
tion circuits can be provided much more freely in an 


automatic system.** On page 626 the author says: 
"The number of junctions required depends ^upon 
the traffic, which can be estimated from records of the 
traffic under existing conditions.** It would be of some 
assistance to know whether, after determining the 
number of circuits which would be required on a manual 
basis, a multiplier is applied to ascertain the number 
which will be required under automatic conditions, and, 
if so, whether a different multiplier is used for various 
groups of junctions, toll circuits and trunlcs. Will the 
existing standards of transmission efficiency, so far as 
they are appHed to the line portion of the circuits, be 
still maintained, or will they be modified in any way ? 
On page 624 the author draws attention to the economy 
which will accrue from the introduction of the automatic 
system, and Mr. Anson has given veiy good reasons why 
the automatic system should be adopted, apart from 
the question of cost. It is interesting to note that the 
economy will be a progressive one, and it would appe^ 
that in about 20 years* time it will be somewhere in 
the neighbourhood of 30 per cent in favour of the 
automatic compared with the manual system. 

[The author’s reply to this discussion will be found on 
page 676.] 


North-Eastern Centre, at Newcastle, 23 March, 1926. 


Mr? J. R. M*. Elliott: The first thought which occur¬ 
red to me after reading the paper was the complete 
answer which it constituted, coming as it does from the 
head of a Government Department, to critics who have 
complained from time to time of the lethargy and 
apathy of the Post Office authorities in this country 
in recognizing the value of the automatic S 3 ’’stem of 
telephone working. The present paper alone, apart 
from the authoris previous contributions to the literature 
of telephone practice, at once reveals him as the master 
mind behind the scenes, in the complex problem of 
converting from manual to automatic the system of 
telephone working throughout the country. Of all the 
valuable information which the paper contains, not the 
least important in my opinion is that relating to the 
measure of standardization evolved by the Department, 
which makes it possible for each contractor to supply 
plant of his own t 3 ^e of mechanical construction. This 
will undoubtedly have the effect of promoting, healthy 
competition, but one disadvantage associated with this 
arrangement will be that as the automatic system is 
extended, the mechanical portion of the equipment at 
exch^ges will be of such a varied assortment as tcPmake 
it difficult for maintenance workmen to become familiar 
with the details of each contractor's mechanism. This 
aspect of the matter will no doubt have been duly 
considered, but the author*s views on the subject will 
be of interest. Much of the information contained in 
the paper is new to telephone engineers in the North of 
England, but we are not without practical knowledge 
of automatic equipment as we have experience of the 
worldng of the Western Electric rotary system at 
Darlington which was installed in 1914, and of the 
Strowger system at Marton near Middlesbrough. Then 
again we have three relay automatic private branch 


exchanges at works on Tyneside, and the results at all 
of these places have been eminently satisfactory. The 
author refers to substantial economies which are expected 
to result from the conversion of the plant in the Sheffield 
and Newcastle areas from manual to automatic. In 
this connection it may be of interest to know that it 
is intended to build in Newcastle three new exchanges, 
one in the centre of tlae City, one in the East end, and 
one in the West end, and this will involve the conversion 
to automatic of the exchanges at Gateshead, Gosforth, 
Benton, Wallsend, Dunston, Lemington, Blaydon, 
Hebbum and Whickham, Unfortunately, tlie site 
acquired for the central exchange, on which initial 
building operations were actually commenced some 
months ago, is required by the corporation in connection 
with a proposed new road, and it is probable that the 
difficulty which will arise in securing a new site will 
seriously delay the project as a whole. In addition to 
the provision intended for the Tyneside area, conversion 
from manual to automatic working has been decided 
upon at West Hartlepool, Hartlepool, Stockton and 
Middlesbrough. In bringing new automatic exchanges 
into operation in London, the author explains that the 
process is to be gradual, but in the cases of provincial 
areas of medium size involving a number of exchanges, 
in which Newcastle is included, the conversion is to be 
done simultaneously. In my opinion this is an unfortu¬ 
nate decision, as it will be many years in an area" like 
Newcastle before equipment can be provided for all the 
exchanges concerned to permit of simultaneous conver¬ 
sion, and the public, who have for years been advocating, 
automatics, will become more and more discontented 
with the magneto system, which they regard as being 
out of date. New Post Office buildings will shortly be 
opened at Gosforth and Gateshead and it was fully 
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expected that as a first instalment automatic exchanges 
woul4 be provided in these two buildings. A simulta¬ 
neous change-over from manual to automatic of a large 
number of exchanges in an area may be spectacular, 
but I am afraid that a considerable amount of inifia l 
confusion will be inevitable, as the method of calling 
be new to subscribers and the exchange equipment 
be new to the majority of our maintenance workmen. 
The matter is of such vital importance to those respon¬ 
sible for the conversion of an area, that I hope that the 
Suthor may be able to give in explanation more informa- 
Hon than is contained in the paper on the justification 
for simultaneous as against gradual conversion in an 
area in which several exchanges are to be treated. As 
the time approaches for the introduction of automatics 
at Newcastle, the need will arise for rearranging many 
of the telephone systems rented by the colliery com¬ 
panies in the counties of Northumberland and Durham. 

I may explain that in the early days of telephones in this 
part of the country, the keen competition which existed 
between the Post Office and the Telephone Companv, 
^upled with the demands of colliery companies for 
intercommunication facilities between their offices, 
collieries, staiths, weigh cabins and other points, led to 
the establishment of a large nuriibei* of complicated 
systems. The composition of many of the circuits on 
these systems is such that when they are extended to 
the trunk lines, and in some cases even the public 
exchange system, they constitute an inefficient linTr 
in the chain of communication in consequence of their 
transmission efficiency being inadequate for the purpose. 
Endless trouble from these sources is caused not only 
to the Department and the railway companies con¬ 
cerned, but to distant subscribers. The remedy is for 
these systems to have outlets to the various public 
exchanges serving the area in which these circuits are 
situated. This is a matter of considerable importance 
locally and it would be interesting to learn from the 
author the extent of the requirements of the proposed 
automatic exchanges so far as these colliery systems 
are at present constituted. 

Mr. F. G. G. Baldwin: The paper indicates that 
during the past 15 years or so much valuable research 
and practical experiment in automatic working has been 
conducted by engineers of the Post Office in conjunction 
with engineers of manufacturers of telephone switching 
apparatus. The table on page 621 shows the steady 
development which has been going on in the installation 
of automatic exchanges. Expressing this development 
in another way, the approximate number of direct 
exchange lines connected to automatic exchanges was 
14 000 in 1019, 16 600 in 1920, 17 600 in 1921, 17 700 


in 1922, 19 000 in 1923, and 26 600 in 1924, while in 
1926 the estimated number is 37 000. A result has 
been achieved which has never before been reached in 
the histoty of telephony in this country. I refer to the 
standardization of a system of telephone switching for 
tiie whole of the country, a feat which I think cannot 
be overestimated and which is bound to have far- 
reaching results in the future telephone ser^uce of this 
country. Standardization in telephony, through circum¬ 
stances which there is no time to mention, has been 
but a dream of telephone engineers ever since the 
telephone was invented, bnt from what appears in the 
paper we now seem to be vdthin measurable distance 
of obtaining it. In Fig. 4. 100 per cent of the number 
of subscribers are within a radius of 1 mile. I should 
like to know whether this needs some qualification, 
or whether it may be taken that the introduction of 
automatic switching has the economic effect of so 
placing the exchanges that the subscribers’ lines are 
reduced in length to that figure. The paper deals 
specifically with large and densely telephoned areas, but 
in the table on page 621 three rural exchanges, which 
are of very small size, are included. I shall be if 
the au^or will say what prosp^t there is of the universal 
extension of automatic working in the country districts. 
One of the principal difficulties in connection with 
manua^y operated village exchanges is the question of 
operation and of night service as well as day service; 
ttere is also the question of accommodation.* The 
introduction of automatic working would entirely 
eliminate the first-mentioned difficulty and give a 
night-and-day service equal to that of any other exchange. 
Tlie principal difficulty met with in the provision of rural 
automatic exchanges is the supply of electrical energy, 
but perhaps the efforts of those engaged in the develop¬ 
ment of electric power supply in country districts may 
help in this direction. 

Mr. C. WhilUs : In connection with the system of 
grading described on page 628, is any attempt made to 
grade the subscribers in the groups of 76 on the basis 
of individual calling rates and thus further to equalize 
the traffic carried by the switching plant ? It would 
appear that, apart from psychological difficulties, the 
dtiector praciple might be appUed to the metering 
^cuit in junction working to record the appropriate 
junction fee and thus obviate the intervention of an 
operator. If this could be done the amount of manual 
switching equipment in automatic exchanges could be 
very materially reduced. 

[Th6 author’s reply to this discussion will be found on 
page 676.] 


South Midland Centre, at 

Ricliardsoii: It is specially pleasing to learn 
from the paper that there has been such cordial co¬ 
operation between the Post Office experts and the 
experts of the large manufacturing companies in solving 
^e many difficult problems that had to be considered. 
This dose co-operation cannot be otherwise than 
benefidal to both sides in tackling the big task that 


Birmingham, 1 April, 1926. 

lies ahead. I propose to give a brief outline of the 
scheme which the Post Office has in hand for installing 
the automatic system throughout the Birmingham 
telephone district, which includes the adjacent Black 
Country telephone areas. There will be four areas, 
namely, the Birmingham area, the Walsall area, tlie 
Wolverhampton area, and tlie Dudley area, each of 
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whicli will be unit-fee areas. Whfen the conversion to 
automatic working has been completed, subscribers 
in each area will be able to obtain another subscriber 
in the same area by direct dialling over the automatic 
equipment. Calls to a subscriber in another area will 
require the assistance of an operator who will be placed 
at a manual board installed at the main exchange of 
each area. As regards the Birmingham area, which 
is, of course, the largest of the four, the first step to 
be taken will be the extension to practically double 
its present size of the existing large telephone building 
in Hill-street.- This building work will be put in hand 
almost immediately. In the enlarged building will 
be installed two 10 000-line automatic exchanges, and 
to these exchanges will be transferred the present 
Midland manual subscribers and the present Central 
manual subscribers. These two exchanges will remain 
quite independent units, as the}^ are at present. It 
should be noted tliat the present Central exchange 
building in Newhall-street will thus be made vacant. 
Further, as regards the Birmingham area, there will 
be five new automatic exchanges of a substantial capacity 
bunt in various parts of the city in positions which 
have already been determined by a close development 
study. These exchanges will not replace any of the 
existing exchanges, but -will be additional. The positions 
of these additional exdianges may be roughly indicated 
by mentioning tlie following provisional names for them: 
Calthorpe, Bearwood, Harbome, Northfield and Aston. 
The building programme also includes fresh buildings 
for the existing exchanges, as in the majority of cases 
the present exchange premises are not suitable for 
the installation of automatic plant. I have already 
mentioned that the Newhall-street building, which 
contains the present Central manual exchange, will 
be vacated by the transfer of the Central subscribers 
to one of the 10 000-line automatic units to be installed 
in the enlarged Hill-street building. It is intended 
to utilize tlie Newhall-street building for the installation 
of a modem toll exchange, which will be readily accessible 
to all the subscribers in the four areas, and through 
which will be given a no-delay** service to and 
from exchanges within a very wide area outside the 
Birmingham telephone district. Finally, the long¬ 
distance trunk service must be mentioned. In this 
connection it is intended to replace the existing trunk 
exchange at the Birmingham Head Post Office by a 
new exchange of the latest t 5 q>e, which will be operated 
in conjunction with the telephone repeater station. 
The repeater station has been in existence at Birmingham 
for some years, and at the present moment is*being 
considerably extended. The proposals for the Black 
Country areas, are also extensive. It is quite evident, 
I think, from what I have said about the proposals 
for the Birmingham area that the application of the 
system described in the paper means that we have a 
very busy "time in front of us. Tlie Post Office will 
need the co-operation of the building trades, and also 
tlie co-operation of the automatic equipment manu¬ 
facturers, which, from past experience, I am sure we 
shall have in full measure. 

Mr, C. Btirbridge; Section (4) of the paper 
deals with -the layout oi the external line plant and 


exchange positions in an automatic telephone scheme 
and is of interest not only to telephone engineers but 
to all concerned with the best method of conveying 
electricity from source to consumer. It is obvious 
that large electric supply undertakings have to face 
problems which in broad principles are much the same 
as those concerned in telephone engineering, although 
they differ greatly in detail. The positions of generating 
and substations and the kind of main and distributive 
network must demand some kind of economic study, 
and I believe it is the practice to make calculations 
of some sort to determine the centre of gravity of an 
electric supply area. Is -there, however, anythmg 
analogous to the detailed studies made by large telephone 
adminis-trations ? Does the electric supply under- 
takii^g have any method of forecas-ting the approximate 
number, class and location of potential users of elec¬ 
tricity ? Does it visualize the total or partial (^place¬ 
ment of gas by electricity for lighting, heating and 
cooldng, the places where, and the periods when, such 
conv^sion may be expected to accrue over a period 
of, say, 20 years ? The Post Office does, of course, 
carry out very detailed studies of -this kind. Such a 
study was made for Birmingham and the Black Countiy 
immediately before the war. It was overhauled in 
1919 and used as the basis of the automatic schemes 
mentioned by Mr. Richardson. A general revision 
was made in 1923 and the forecasts are cons-tantly 
being verified and amended. On page 624 it is stated 
tlaat the costs of the line plant in London in 1945 under 
the automatic system would be nearly 30 per cent 
below those of a manual system. The amount of the 
saving is surprising, and I doubt if it could be paralleled 
in any city or district outside London. When it is 
borne in mind that the junction mileage under an 
automatic system is considerably greater than -that 
under a manual system, it -will be realized tliat the 
saving on subscribers* line mileage has to be enormous. 

' That is, the area served by one automatic exchange 
1 must be very small compared with those served by one 
manuah exchange. Now -this means that tliere must 
be sufficiently large groups of subscribers on "the 
boundaries of an existing exchange area out of which 
to form new areas. In otlier words, the telephone 
density on the fringe of existing areas must be great, 
approaching uniform density. Fig. 4 shows that such 
actually are tlie conditions in outer London, but it is 
far from being the case in Birmingham, or indeed, I 
think, in any large provincial dty. Where there is 
not an approach to uniform density "the approximations 
described in -the paper are not likely to yield such a 
reasonable approach to accuracy as would enable 
sound conclusions to be formed, and o-ther short-cuts 
have to be devised. I have referred to the increased 
mileage of junction lines in an automatic scheme. This 
is partly due to the multiplication of .exchanges, but it 
is also a product of the routing of calls. Under the 
manual system, direct junctions between adja(:ent 
exchanges are the rule whenever the -traffic is sufficient 
to justify it. • As an illustra-tion, Halesowen has direct 
junctions by the shortest route to Cradley Heath. 
Under the automatic system these places be m 
separate automatic-areas. Cradley will be in -the rigid 
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numbering system of Dudley, Halesowen in the director 
systefe. of Birmingham. Intercommunication by direct 
dialling between the two systems is not yet regarded 
as practicable; consequently Halesowen traffic to 
Cradley must circulate via the Birmingham manual 
exchange and the Dudley manual exchange. Not¬ 
withstanding this handicap, however, is it not the fact 
that an automatic system does effect direct economies 
in routing which go some may to balance this excess ? 
Under the director system it should be possible to 
group the junctions hrom smaller outlying exchanges 
at some large exchange on the route nearer to the 
Central exchange. For example, the Victoria exchange 
in Birmingham is so situated with respect to two main 
cable routes that it could become the director ex¬ 
change for six satellites, and so enable seven septate 
groups of junctions into Birmingham to be pooled 
into one group with an appreciable percentage of 
saving. 

Mr. G. W. Billingham (communicated ): With re¬ 
ference to the change-over from manual to automatic 
working in the Birmingham area, it may be of interest 
if I give a few facts relative to the external or line 
plant requirements. Unlike electric supply under¬ 
takings, the telephone requires a separate circuit to 
be provided for each line, irrespective of whether it is 
an exchange, extension or private line, and in order 
to provide continuous service during the preparation 
for the change-over dual lines must be provided, one 
line to the existing manual exchange and one to the 
new automatic exchange, which involves either entirely 
separate plant or lines in parallel. When such a con¬ 
version takes place in the same building, very little, 
if any, additional line plant is necessary. Where 
the exchange is situated in a new building near to the 
old exchange, additional line plant will be necessary, 
involving the la 3 dng of new ducts and cables, probably 
for a short distance only. The Central Birmingham 
case, however, presents difficulties of some magnitude 
from several points of view. From a scrutiny of the 
Birmingham maps it will be observed that tfe.e City 
is practically divided into two parts by New-street 
station and the railways running East and West. The 
telephone users on the North side considerably over¬ 
balance those on the South side. This is apparent 
from the fact that the Central exchange which serves 
the Northern portion has 6 000 direct exchange lines 
as against 3 000 on the Midland exchange serving 
the South side, the telephone dividing line between 
the two exchanges being New-street. In providing 
communication between the two exchanges and also 
cables for the subscribers* lines, there are four street 
routes available for our ducts and cable requirements, 
viz. No. (1)—^route distance 770 yards; No. (2)—route 
distance 813 yards; No. (3)—route distance 1 130 
yards ; and No. (4)—route distance 1 220 yards. For 
economical and transmission reasons it is necessary 
that the route be kept as short as possible. Owing to , 
the difficulties in obtaining a suitable site for a new 
exchange, it has been decided to house both Central 
and Midland exchanges in the existing Midland ex- 
change,^after considerable enlargement, and this building 
is situate in HiU-street. If it had been possible^ tb 


utilize the Central exchange for the automatic require¬ 
ments (for which, however, it is too small and impossible 
of enlargement), probably very little additional external 
line plant would have been necessary, but as in ^-hia 
case the greater load has to be added to the lesser 
a considerable augmentation of the existing ducts 
and cables between the two buildings will be necessary. 
It will be seen that this work will present considerable 
engineering difficulties when it is recognized that the 
roadway cover across the railway bridge in Hill-street 
is but 12 in. and this space is already occupied by Post 
Office plant, electric light, gas, water, and other public 
services. To lay additional ducts across this section 
on routes (1) or (2) at present appears impracticable 
unless arrangements can be made with the railway 
company to suspend a formation of steel pipes under¬ 
neath the bridge from the girders, but it is at present 
doubtful if the clearance between the bridge and the 
rails wiU permit of this method being adopted. On 
route (4) the depth of cover across the Worcester-street 
bridge varies from 6 in. to 12 in., and last year it was 
found impossible to lay a further 6-way duct across, 
which necessitated a deviation via Bell-street to the 
Bull Ring. This route is too circuitous and costly 
to recommend its adoption for the extension of the 
lines from the central exchange to the new exchange 
at Hill-street. On No. (3) route the position is more 
favourable, as a tunnel only has to be negotiated on the 
top of which there is approximately 10 ft. of Icover. 
The only difficulty likely to be encountered on this 
route is the congestion of service pipes at Broad-street 
comer, which may necessitate deep trenching and 
tunnelling to negotiate. Route No. (3) will probably 
be adopted although it will be necessary for distribution 
purposes to split the total number of ducts entering 
the automatic exchange building between the front 
entrance in Hill-street, and the back in John Bright- 
street. On completion of the duct lines the cabling 
work presents little difficulty. As previously mentioned, 
it is necessary during the progress of the work to provide 
continuous service, and the extension of the-existing 
lines has to be carried out with extreme care and caution 
to avoid intOTuption of the service. The preliminary 
cable work will consist principally of teeing all circuits 
into the automatic exchange in order to test and prove 
out every circuit and to make a clean-cut change-over 
of probably 10 000 circuits by means of direct tee 
joints, or by transfer strips temporarily provided at 
three exchanges, viz. Central, Midland, and Automatic. 
The tee connections will be made at four principal 
points, viz. Broad-street corner. Temple-row, Worcester- 
street, and Midland exchange. Apart from the laying 
of the ducts and cables, considerable jointing work 
will be necessary and it is anticipated that about 24 
jointers will be permanently employed on this work for 
at least six months. About half a million wire joints 
and tees are involved and each circuit will have to be 
identified and proved at each cutting-in point. The 
details of the work involve a considerable number of 
consecutive operations, each one depending npon the 
others being absolutely correct. These jointing opera¬ 
tions are all set out on schedules and blue-print diagrams 
before the work conimenced. 
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The Author’s Reply to the Discussions before The Institution and at ManchesteIi, 

Newcastle and Birmingham. 


Colonel T. F. Purves {in reply ): I recognize tliat 
ray paper contains a good deal of technically contentious 
matter, regarding which, it is out of the question to 
expect universal agreement, and I appreciate the 
generally helpful and constructive character of the 
comments made upon it by .so many speakers and 
contributors. 

I agree with Mr. Laidlaw and Mr. HoUings that a 
considerable proportion of subscribers wiU probably 
not listen for the dialling tone" before making a 
call, at least in cases where the tone is a subsequent 
addition to an automatic system with the operating of 
which they have already become familiar. But when 
the tone has been a feature of the S 3 rstem from their 
first acquaintance with it—and this will apply to the 
great bulk of British subscribers—think it will be used 
much more S3rstcmatically, even if in more then 96 per 
cent of the cases no trouble will arise from ignoring it. 

If a call has, for any reason, been ineffective, and the 
familiar ringing signal is not heard, subscribers will 
generally learn to listen for the dialling tone before 
making a second attempt. The tone is also very useful 
if it is desired to originate a call immediately after 
completing an incoming call from a private branch 
exchange, or from a manual or trunk exchange, as 
its presence is an indication that the connection has 
been cleared by the operator and that the line is again 
available, I may remark that the dialling tone is 
produced by the simple interruption of a battery circuit 
by an additional running commutator on the genial 
tone-producing machine. There are no dfficulties, 
and little expense, involved in its provision. Mr. Hall 
suggests that the tone should only be audible where 
a primary outlet to connecting plant is not available, 
but under these conditions its presence would be such 
a rarity that its meaning would probably be forgotten 
altogether or be confused wilh that of the busy 
signal. I think it is preferable to u^e the tone as 
a positive indication that the line switch has found an 
outlet and Ihat calling conditions are normal. The 
fear that a subscriber whose line is faulty may assume 
that the absence of the tone indicates non-availability 
of outlets, and may therefore refrain from reporting 
the fault, has not* much foundation; subscriber speedily 
become familiar with the many audible indications 
that a line is alive,'* as compared with the ‘‘ dead " 
condition of a faulty line. 

Mr. Nash makes a kindly and generous reference to 
the amount of work and responsibility which has to 
be shouldered by the Post Office engineering staff in 
connection with such questions as the equipment of 
the London telephone system with automatic plant, 
and I greatly appreciate his expression of confidence 
in the success of the system which has been adopted. 
At the time when I had to talr my courage in bo& 
hands and decide to turn away from the practice of ttie 
great American Bell telephone organization, for whose 
example we have so high a regard, I should have been 
very gratified indeed to know that, even before our first 


exchange had been installed, one of the leading engineers 
of the Western Electric Co. would so express himself. 
Mr. Nash presents an interesting table in which the 
number of secondary selecting switches, which would 
provide full trunking availability, is compared with 
the additional trunks required to furnish the same 
standard of service by means of 10-contact switch 
levels on a direct, graded, basis. I agree that a perfectly 
satisfactory circuit for secondary pre-selecting switches 
has not yet been forthcoming, although some telephone 
administrations appear to be prepared to adopt secondary 
switches to a considerable extent. Their use, of course, 
introduces additional switching points which un¬ 
doubtedly complicate the tracing of calls and, to that 
extent, hamper the work of the maintenance staff. 
It is not easy to visualize the service-degrading factor 
introduced by outgoing secondaries, but it is obvious 
that without such devices the system is cleaner and 
easier to maintain. It is felt that the present system 
introduces quite enough complication and innovation 
for the maintenance staff, to assimilate at the outset, 
but the Post Office has by no means burned its 
boats " in this matter. The economies due to the utiliza¬ 
tion of large groups of selectable junction circuits, 
and the possibilities presented by the use of secondary 
switches as a means to that end, are fully appreciated. 
In the first automatic .exchange installed in London, 
provision is being made for associating outgomg 
secondary switches with junctions to selected exchanges, 
so as to obtain actual workmg experience in the handling 
of junction groups up to a maximum of 100 lines. If 
satisfactory service is afforded by this method, there 
will be no hesitation to adopt it in cases where the ov^all 
annual charges will be sufficiently reduced by so doing, 
which are, of course, likely .to be those cases in which 
the junction circuits are long and of heavy gauge. 

[I have had Mr, Nash's calculation of the amount of 
plant required—with and without secondaries ^to 
handle 35 traffic units carried a little further, and it 
may be of interest to give the results. The full debit 
of variables, to each S 3 rstem, would be as follows 

Graded Scheme. Secondary Scheme. 

81 Junctions 114 Secondary switches 

81 Incoming selectors 61 Junctions 

- 61 Incoming selectors. 


On this basis the balance of annual is in favour 

of the graded scheme for junction circuits up to about 
4 miles in length. For circuits over that Isn^it 
would pay to employ secondaries. The average 1^^ 
of iunction circuits in the London area is l^s than 
4, miles, and the average length of junctions betw^ 
the main exchanges is a mudr smaller figure, so 
the economic balance is at present in favour of gra^g 
as a general policy. But in practice the use of second^ 
switches would probably be combined with the gradmg 
system, and coLequently it might not ne<^a^ 
to employ so many as 114 secondary. -The use of 
26-poimt secondaries would also tend to reduce the 
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number of junctions and incoming selectors necessary, 
and, Jieglecting for the moment the various disadvantages 
of secondary switches, the economic balance might 
be so shifted that the use of secondaries would represent 
a saving where the length of the junction circuits is 
appreciably less than that quoted above. The number 
of junction circuits in the group also affects the com¬ 
parison. It will be appreciated that the use of 20-contact 
selector banks would materially alter the basis of the 
calculation in a sense more favourable to grading. 
As already indicated, the whole question is being closely 
studied.] 

Mr. Morley Ward inquires as to the reason for the 
adoption of the plan of sending dial impulses around 
the loop of a junction circuit, instead of over one con¬ 
ductor of the line or over both conductors in parallel. 
Mr, Christian also refers to the same point. This matter 
was given very close study, as it was fully realized that 
the adoption of loop-impulsing would mean a considerable 
reduction in the permissible maximum resistance of 
junction circuits, and that, with the impulse-receiving 
relays at present available, it would in some cases 
involve the use of heavier-gauge junction circuits than 
would have been necessary from the standpoint of 
speech-transmission ef&ciency. The main consideration 
in favour of loop-impulsing is, of course, that it provides 
security against the inductive interference of power and 
lighting circuits with the telephone signalling impulses. 
Tests were made from the Central exchange, to various 
points in London, by means of recording apparatus 
connected in earthed circuits. The records showed 
a certain amount of inductive interference, although 
surges of sufficient magnitude to affect dial signalling 
were so rare that it seemed improbable that they would 
in general affect the number of call failures to any 
reco^izable degree. It was felt, however, that abnormal 
conditions due to faulty power circuits might sometimes 
cause more or less acute local trouble, and also that 
the general development of electrical supply systems, 
and of railway electrification in London and throughout 
the country during the next decade, might, in spite 
of the statutory safeguards of the Post Office against 
prejudicial interference with' its communication services, 
have the effect of progressively wprsening the conditions. 
It was therefore thought desirable to standardize, 
from the commencement, a system which would enable 
the department to demonstrate, in any case of trouble, 
that its own plant was so constructed as to secure the 
greatest possible immunity from outside electrical 
interference. 

I am glad that Mr. Morley Ward mentioned the early 
pioneer work of Mr. William Aitken in connection with 
the invention of multi-choice grading: this might well 
have been referred to in the section of the paper dealing 
with that subject, 

Mr, Carter and Mr, Harrison both refer to the ingenious 
pre-director development Imown as the ** univecsal 
switcher." This system was the subject of interested 
attention by the Post Office, but we did not at any 
time feel inclined to adopt it. In addition to the 
wasteful use of junction plant, which both. speakers 
mention, it required a completely predetermined 
numbenng scheme, and therefore did not obviate 


some of the main difficulties involved in the intro¬ 
duction of an automatic scheme in large multi-office 
areas. 

Mr. Deakin has given much information that is both 
interesting and valuable to a student of the subjects he 
refers to. I am not quite sure that, in his references to 
the method of grading illustrated in Fig. 12, he is not 
overlooking the fact that the advantage of grading from 
24-point pre-selectors is not merely the 15 per cent 
increase obtained in the traffic-carrying capacity of the 
first code selectors. By suitable selection of subscribers' 
lines for connection in each group of 76, and by grading 
as indicated, the large block of traffic originated by 
1200 subscribers is turned over with approximate 
uniformity to the outgoing multipled circuits of the 
selector groups. It is thus presented to the succeeding 
graded ranks of switches in more manageable form, 
and the effect of this is to improve the carrying capacity 
of these subsequent switches, as well as that of the 
first code selectors. Special traffic curves making 
allowance for this fact are used in designing the layout 
of automatic exchanges. The maximum increase in 
traffic-carr 5 dng capacity that can be claimed for 
ordinary grading from 10-point selector banks through¬ 
out the switching system is about 30 per cent. It 
should be noted also that a graded system using 20-point 
selector banks has still to be studied, and that this 
may modify the economic comparison with oi^fgoing 
secondary switches. A factor to be borne in mind is 
that the largest groups of junctions are required between 
large exchanges and that such exchanges, in London, 
are fairly close together. The circuits in these large 
groups of junctions thus tend to be both short and of 
light gauge, and their cost is correspondingly low. 
As regards tandem working, it should be remembered 
that the mechanical tandem exchange is being intro¬ 
duced to supersede the direct trunking of small groups 
of three or four lines. The change from these very 
inefficient groups to groups connected on a graded 
basis to 10-point contact' banks represents a very 
material advance. 

As regards the system of service to be adopted for 
communication between manual and automatic ex¬ 
changes, it must be recognized that a system which 
may be speciall}^ adapted at "the outset to requirements 
may be unsuitable at later stages. There is no question 
that the most convenient method of equipping the 
first group of automatic exchanges in London is the 
provision of " Cordless B " positions, but a time will 
no doubt come when it will be economical to install 
sending equipment at the " A" operators' positions 
in the remaining manual exchanges. A study of the 
comparative economics of dials and key-senders for this 
purpose has been scheduled for attention in due course. 
It may well be that considerations of space available 
in the different manual exchanges will dictate treatment 
of each on its individual merits. A powerful factor 
in favour of key-senders will always be the fact that 
the introduction of these high-effidency devices reacts 
favourably on the load which can be carried by " A 
operators, and has the effect of increasing the traffic¬ 
carrying capadty of manual exchanges and avoiding 
the extension of obsolescent plant. 
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I am rather surprised by the emphasis with whieh 
Mr. Dealdn depreciates order-wire working in general, 
in spite of the fact that I have always had a decidedly 
soft side for the alternative of a properly developed 
direct trunking S 3 rsteni. I can assure him that, although 
his remarks may be justified from the experience and 
practice of some administrations, they do not apply in 
this country, where the order-wire system has always 
proved reasonably satisfactory. The system has to 
be kept clean; split order wires and tandem order wires 
are things to be avoided, and perhaps these points have 
been ignored by those administrations in whose service 
he reports that the system has been ** a dismal failure. 

Mr. Grinsted has brought into prominence the very 
large number of separate switch movements, and circuit 
openings and closures, involved in the setting up of 
a connection in the automatic system. It would, 
indeed, be a hopeless mental task, even for the most 
expert automatic engineer, to visualize all that is 
taking place during the few seconds he is engaged in 
turning in a call on his telephone dial in a director 
area. The figures Mr. Grinsted produces show in a 
striking way the extreme need for the most efidcient I 
maintenance of exchange plant. 

His suggestion tha*t congestion at the switches might 
be ■ minimized by some method of instantaneously 
throwing back, to the incoming line switch, false calls 
caused by permanent loops due to line faults, as well 
as busy calls blocked at any point by trafidc con¬ 
gestion, is legitimate and the subject is well worthy of 
attention. It has, indeed, already been considered 
very carefully, but no way of effecting the desired result 
has yet been found without involving an additional 
circuit complication which has to be repeated so fre¬ 
quently throughout the exchange that it is not con¬ 
sidered desirable to introduce it at present. The 
aggregate switch occupation caused by ** busy calls 
will probably not be great, as the subscriber will in 
most cases release the switches at once by restoring 
his receiver to the switch hook. False calls due to 
faulty lines can, with a proper system of alarms and 
guide lamps, speedily be traced back to the main dis¬ 
tribution frame and there plugged out. The London 
exchanges are therefore being arranged to deal with 
abnormal loads of this kind by the ordijiary supervisory 
methods of maintenance hitherto employed at all 
automatic exchanges. 

Mr. Hollins has touched upon one of the disappointing 
features of automatic telephony, namely, its failme 
tP provide economically for rural telephone service. 
Mr, Baldwin also referred to the same point. This 
subject is not altogether within the scope of the paper, 
but I may say that continuous attention is being paid 
by the Post Ofi&ce engineering department to the special 
problems of rural automatic exchanges. Even at the 
smallest automatic exchange it is necessary to have a 
few costly fundamental items for the use of all the 
subscribers in common, and when the number of lines 
is small the cost per line of these general items is very 
high, especially if an» electrical power supply is not 
available. It is then necessary to install an engine and 
secondary-cell-charging machine, with comparatively 
high capital and maintenance costs. Tfhese restrictions 


represent part of the price which this country has to 
pay for its low general development of the use oP elec¬ 
trical energy. The extension of rural automatic exchanges 
win probably follow rapidly on the extended distribution 
of electrical power in rural communities. 

I have already referred to Mr. Hollings*s remarlcs 
on the subject of the dialhng tone. 

Mr. Hurford has taken rather too literally my round 
figures of the increase in trunk-hunting capacity secured 
by the use of secondary switches; I quite agree that 
100 per cent efficiency could not be obtained in practice. 
Actually the efficiency of, say, a 10-point primary 
pre-selector, working into a lO-point secondary pre¬ 
selector, may be taken as approximately 86 per cent. 

I am sorry if Section (6) of tiie paper is calculated to 
give the impression that designers of large-capacity 
switches are thought to have been working along the 
wrong lines. T his inference was certainly not in¬ 
tended to be drawn in any general sense. Indeed, in 
Section (9) I say that the facility for direct selection in 
large groups is a feature of great utility which was 
reluctantly given up on account of its essential incom- 
patability with the system which had been adopted 
for standardization in this country on broad considera¬ 
tions of preponderating advantage. My statement of 
the capacity of panel automatic exchanges in the service 
of the American Telephone and Telegraph Co. was based 
on a summary of the position, prepared in America, 
which I receive every six months. The latest summary 
referred to the beginning of this year and included 
63 exchanges, with total equipment for 273 167 lines. 

Mr. Hurford states that his much larger figures 
(68 exchanges with capacity for more than 400 000 lines) 
include extensions to the original equipment. It there¬ 
fore seems probable that the summaries in my possession 
represent the line capacity of each exchange as it stood 
at the date of the “ cut-over.” 

I quite agree that the amount of call indicator equip¬ 
ment in London will go on increasing for several years 
before it passes the maximum and begins to become 
surplus^ Mr. Pook also makes a reference to this point. 
The amount of such equipment used in any particular 
manual exchange will, of course, steadily incre^e until 
the exchange is converted to automatic working, and 
therefore the last exchange to be converted will have 
the whole of its ” B positions equipped wi^ call 
indicators. There is no intention that the imtiation 
or the progress of the conversion of provincial city 
areas to the automatic system should be in any way 
dependent upon the rate of recovery of surplus call 
indicator apparatus in London. • 

Mr. T. B. Johnson gives figures which illustrate the 
exceedingly ” peaky ” traffic loads of the British tele¬ 
phone system. This condition, which I think is wi^out 
parallel in any other administration, seems to imply 
that the efiective business day in this country is an 
exceptionaUy short one. It has a very prejudicial 
effect upon telephone economics, and justifies careful 
study of the possibilities of improving the load curves 
by the skilful manipulation of varying tariffs. The 
advantages of the automatic system which Mr. Johnson 
enumerates are, of course, fully admitted and would 
be sufficient to turn the scale in its favour in many 
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cases where the manual system shows an economy 
from«the strict financial standpoint of annual charges. 
The general conditions (given in the paper) which at 
present determine the use of manual or automatic 
plant are based entirely upon economic results. At 
the moment the demand for automatic plant is greater 
than the supply and, in order that the available product 
of manufacturers may be utilized to the best advantage, 
it is necessary to install a considerable amount of 
manual plant. The line is therefore drawn at a point 
which excludes from automatic treatment cases not 
financially advantageous, and as a rule these are also 
the cases where the service advantages of the automatic 
system over the manual system are at a minimum. 

In reply to Mr. W. Johnston it may be said that the 
location of the calling subscriber’s battery feed at 
the first code switch is a special arrangement made 
practicable by the trafS.c conditions usually found in 
" director ” areas. The general location of the talldng 
and signalling bridge on the outgoing repeater or final 
switch is a consequence of the adoption of loop signalling 
over junction circuits. The statement that a good 
grading scheme effects substantially the same economy 
as the use of secondary line switches, is intended to 
be an expression of the general economic position re¬ 
sulting from the adoption of grading as a policy. There 
may be points in an automatic exchange where the use 
of secondary switches would be more economical than 
grading, but, in general, the reason for not adopting 
the secondary switch is a service one rather than a 
financial one, particularly with reference to the use of 
such switches in external junction circuits. The refer¬ 
ence in the paper was made with particular regard to 
the conditions of Fig. 12, which apply to 26-point 
pre-selectors, and it is certainly not economical to utilize 
26-point secondary pre-selectors instead of grading. 

Mr. Pook expresses a hope that the effective busy- 
hour load of call indicator operators will much exceed 
the 460 calls quoted in the paper, and it is quite reason¬ 
able to anticipate that this will prove to bp the case. 
The load figure of 460 calls per busy hour was adopted 
for purposes of design in order that there should be no 
question as to the adequacy of the plant in the earlv 
stages of the change of system in London. The 
estimated annual savings of £14 000 at Sheffield and of 
£7 000 at Newc5astle-on-Tyne consequent upon the intro¬ 
duction of the automatic system were calculated upon the 
estimated number of lines in all the exchanges in each 
area at the opening date, i.e. 8 800 lines in Sheffield 
and 10 000 lines in Newcastle. 

Mir. Medlyn in the course of his valuable comments 
asks on what principle junction circuits will be worked 
through^ the mechanical tandem exchange. The in- 
ten^n ^ to serve the small manual exchanges, referred 
to in this section, almost entirely through the tandem 
exchange, unless, after their conversion to automatic, 
some o^er automatic switching centre should be more 
convenientiy placed to serve them permanently. With 
the exception of a few direct circuits to exchanges in close 
proximity, all the incoming and outgoing junctions of 
these small exchanges will therefore be taken to the 
tandem exchange. The other exchanges in the area—- 
both ifianual and automatic—will each be provided 
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with a group of incoming and outgoing junctions to the 
tandem exchange sufficient to carry their traffic to 
and from the small exchanges. Some exchanges of 
medium size which are comparatively widely separated, 
and have a very small interchange of traffic one with 
another, will also obtain connection via the tandem 
exchange. As every manual exchange will have positions 
fitted with call indicators actuated from the cordless 
'' B ” boards at tandem, the existence of this exchange 
clearly provides facilities for concentrating general 
inter-exchange traffic on the tandem junctions during 
slack periods, and this facility will be utilized as a 
convenient method of enabling ordinary ** B " positions 
to be closed at such times. 

Mr. Harrison is not quite satisfied with my more or 
less whimsical claims for the old-fashioned telegraph 
ABC dial sender. It is true that ia the modem automatic 
dial the operations of setting and of impulsing are 
separated, and that no dial could be generally used to 
operate an exchange system successfully unless the speed 
of impulsing were thus removed from the direct control 
of the individual who manipulates the dial. But this 
independent control of the impulsing speed is no part 
of the main claim of the original master patent, and 
the fact that the old telegraph dial would, if produced* 
have clearly anticipated the patent remains unshaken. 
Actually I have used this old dial quite successfully 
for m a k i n g calls on a telephone automatic system, and 
I found it quite easy to ascertain and adhere to a suffi¬ 
ciently accurate speed of rotation. 

Mr. Wildgoose inquires whether the number of junc¬ 
tions required under automatic conditions is derived 
by an agreed multiplier from the number previously 
in use in the manual S 3 rstem. In practice no such 
comparison is made. The number of junctions needed 
between each pair of exchanges in the automatic area 
is calculated directly from the traffic data, on the bas^ 
of one lost call in 600, The existing line transmission- 
standards are worked to without alteration when designing 
the layout of external plant in an automatic area. 

Mr. Elliott expresses some apprehension lest the post¬ 
ponement of complete standardization of apparatus 
will lead to difficulties when maintenance men are 
transferred from one exchange to another. I do not 
t hink that appjeciable trouble need be feared from 
this cause. The product of the various manufacturers 
differs only in self-contained detail, wliich will speedily 
become fa m i li ar to a man who is well acquainted with 
the standard electrical plan of the system. It is antici¬ 
pated that it will be possible to arrange a satisfactory 
basis on which each contractor will provide for subsequent 
extensions to all exchanges which he has originally 
installed, as has hitherto been the rule with manual 
exchanges. The existence of diverse types of equipment 
at the same exchange will thus be avoided. Mr. Elliott 
also queries the wisdom of arranging for a simultaneous 
transfer from manual to automatic worlcing at all 
the exchanges in an area of medium size such as New- 
castle-on-Tyne, There is much to be said on both 
sides of this question. Simultaneous transfers involve 
a large amount of difftcult co-ordinating work, but it 
has been concluded that as a rule the balance of 
advantage is decidedly in favour of this plan wherever 
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it can possibly he followed. A great amount of long- 
<lra\vn-out temporary work and the 5>rovision of 
temporary auxiliary plant for interchanging automatic 
;iiul manual t rat lie during the interim period is thus 
avouled. In the particular case of Newcastle the central 
uulcimalic exchange, ami the manual board for die 
wholtt an*a, will, on account of the building situation, 
mature at a later ilate than the other exchanges, and 
much wasteful provision of temporary e(|uipr:eiit, which 
X>robably could uot be justified financially, would be 
involved in an attempt to introdnet^ automatic working 
at the* smaller exchanges wliile the central exchange 
roiuained manual. Hnt I shall have the case of New- 
<‘astle rC'investigated bt'fore actimi is taken, 

Mr. iialfUviu has called altention to a point in con¬ 
nection with h'ig. 4 which has not been clearly ex- 
* pressetl in the paper. Subscribers outside a radius of 
ime mill* are t‘xchi<led from the graph, the description 


of which ought to have been—Number of subscribers 
within various radii, up to one mile, shown as Q. per¬ 
centage of subscribers within 1 mile radius." 

In reply to Mr. Wlullis’s inquiry regarding Fig. 12, 
it should be stated that the subscribers connected in 
each multipled group to the line switches are so selected, 
in accordance with their average calling rates, that 
each group will carry approximately the same amount 
of traffic. The grading arrangements on the outgoing 
link frame are made on tlie assumption that practical 
uniformity in this respect has been secured. 

I have to acknowledge contributions to the discussion 
by Mr. Aitken, Mr. Collyer, Mr. Hedley, Mr. Petithory, 
Mr. Richardson, Mr. Anson, Mr. Burbridge, Mr. Billing- 
ham, Mr. Cowie and Mr. Comfoot, which contain much 
information and much welcome and valuable con¬ 
structive matter, but which do not appear to call for 
any specific reply. 
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“ SELECTION OK BALL AND ROLLER BEARINGS FOR ELECTRICAL 

MACHINES.” * 


North Midland Centre, at Leeds, 24 February, 1926. 


Mr.H.Grocn; As inantifacturcrs of rotating electrical 
sTuichincry we ittitl that ball and roller bearings give 
exceedingly little trouble* I do not think that we have 
had m something like 0 000 machines supplied within 
the past five years five cases of trouble duo to ball 
ijearingB, and I feel confident that for small dynamos 
ami motors ball and roller bearings axe right. A 
number of breakdowns are due to the fact that many 
of the bearings fitted are too liglit, and although the 
author gives certain fi^rmulm it is amt usual for a 
<!esigncr—-of small motors and dynamos, at any rate— 
to know the load which may be applied. If an ordinary 
ring-lubricated bearing is overloaded it becomes hot 
and calls for attention, whereas a ball faring shows 
no sign of overloading untU it is damaged* I have 
iti mind a large double bolt fitted from a motor to 
a line »baft. The belt was at least twice as stroi^ as 
necessary, and the belt splicer naturally fitted it as 
tightly as possible, with the result that the bearing was 
fractured. It will therefore be seen that with ball and 
roller bearings it is necessary to have a big margin of 
safety. 

Mr. F. Parktaeon : Prof. Goodman's experiments 
have .shown that theoretically a ball bearing is in effect 
a point contact incapable of lubrication. In practice 
it is found that a lubricant is useful for serving the dual 
purpose of providing a lubricant for the cage and also 
• Papw by Mr. T.». Tree* <l«* wb t&tp. 788). 


or preventing rust or acid attacking the case-hardened 
;aces of the balls or ball races. Thwe is much miscon- 
leption on this question of lubrication of ball bearings. 
Hy own firm in their assembly of ball bea^gs make no 
provision, for lubricators. This practice is based upon 
jxperience, as I believe that the experience of baH- 
bearing manufacturers is that more damage is done to 
bearings by the use of the wrong quality of grease 
by ftmitiiing lubrication altogether. If a Statmer 
grease cup or other means of filling 1be bearing housing 
with grease is provided, the tendency is for attendant. 
to supply new grease periodically whether it is requned 
or not, and very often this grease is not enturely 
from moisture or acidity. The lantern slides shevro by 
tlie author raise another point in regard to this lubn^- 
tion problem. They show elaborate ^angements ia 
retdning the lubrication, but if our ideas are coct^ 
these elaborations are entirely unnecessary. We dmm 
that the correct way to grease the beamg w to fill the 
housing with a grease of the correct kind for 
and then to seal the houshig completely so tlmt no 
grease can escape. To achieve this we haw 
a spedai housing, and our exp^ce, winch covem 
more than 10 years, is that there is 
sity to replace this grease. Many inst^ces have b«n 
brought to our notice where motors have been m con^t 
operation day and night for more than 7 
the bearings being touched in any way, ana no ne 
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lubrication has been supplied. If for any reason it is 
necessary to take the motor apart for general cleaning 
purposes, then obviously the proper thing to do is to 
wash out the bearings with paraffin, fill the housing 
with new grease and seal up. We claim that the sealed 
housing for bearings is an essential feature to ensure 
complete success. The second point that occurs to me 
is based upon an experience which dates back 16 or 20 
years with a certain well-known make of motor. At 
that time it was the practice to fit ball bearings on 
turned motor shafts, and many cases of serious trouble 
occurred due to the shaft creeping inside the ball race. 
This wore down the shaft and allowed the rotor to foul 
the stator. A turned shaft when examined under the 
microscope will be found to consist of a number of ridges 
due to the cutting tool, and when a ball race is pressed 
on such a shaft the effect is to shear off the tops of the 
ridges. The consequence is that the area of contact 
between the inner race and the shaft is reduced very 
considerably. In designing our machines we benefited 
by the earlier experience of our competitors who had 
used turned shafts, and we formed the opinion that the 
correct application of ball and roller bearings to a motor 
shaft involves grinding the motor shaft to the same 
close limits as those to which the ball bearing itself is 
made. The results of the correct fitting of ball bearings 
and the correct housing of ball bearings are remarkable, 
as out of over 60 000 motors fitted with bail and roller 
bearings our experience is that not one machine in 
10 000 has given any trouble due to the bearings. 

Mr. H. Moss : I gather that in the author's opinion 
the bearings fitted, in many machines to-day are inclined 
to be on the s m al l side, or the light side, for the amount 
of work they have to do. If that is so, is that the cause 
of the ultimate failure of the machine ? For a motor 
or d 3 mamo manufacturer to fit a bearing that is smaller 
than it should be seems to be a foolish policy, because 
the cost of the bearing would be only a small percentage 
of that of the machine. Buyers and sellers of these 
machines would like to know that the manufacturer is 
putting in a bearing suitable for the work it has to do. 
Mr. Parkinson raised a point which seemed to be some¬ 
what at variance with the paper. A large number of 
lantern slides have been shown filustrating different 
methods of lubrication, yet a user or manufacturer of long 
experience like Mr. Parkinson has supplied thousands 
of machines and does not find it necessary to provide 
any means to lubricate those machines. If it is not 
necessary to provide lubrication or any means of renewing 
it, why do manufacturers continue to make those pro¬ 
visions ? It is adding to the initial cost and leaving 
openings for dust and dirt to get in by inserting a 
lubricant which may not be suitable. It would have 
been of interest if the author had touched upon the 
type of lubricant or grease that should be used for ball 
and roller bearings. As there seems to be such a differ¬ 
ence of opinion between the manufacturers of bearings 
and the manufacturers of machines who must be using 
thousands of those bearings, it is difficult to determine 
whether the bearing manufacturer or the motor manufac¬ 
turer is right. 

Mr. R. J, Mitchell: The author would like to 
stereotj^e the question of the sizes of bearings for the j 


rather vast range of electrical machines which the 
British electrical industry manufactures to-day, and 
doubtless that is a counsel of perfection, but it appears 
to be a fact tliat the modem engineer is so busy with his 
own job, and often so much obliged to become a specialist 
in two or three branches of knowledge, that he hesitates 
to add further branches to his list of specializations. 
The result is that in our opinion he acts very wisely 
when he consults the ball-bearing manufacturers and to 
a considerable extent follows their advice. He is 
perfectly safe in a commercial sense in so doing. The 
infinite care taken by manufacturers to do their utmost 
not to mislead the user on the choice of bearings cannot 
be too strongly insisted. It comes to this: If the 
growth of the industry is to continue in the satisfactory 
manner in which it is now developing, it will be far 
better for engineers generally to go to the bearing 
manufacturers and give them all the trouble—^which 
they are very willing to take—of examining the proposed 
application, and in such cases giving the bearing manufac¬ 
turers the fullest possible information about the 
mechanism into which it is proposed to install the 
bearings. The calculation of load capacity appears to 
be a subject of infinite difficulty. Palmgren wrote a 
most elaborate paper on the load capacity of ball 
bearings, at the end of which he came to the conclusion 
that the matter was too intricate to be the subject of 
exact mathematical analysis and determination. ^‘SVhen 
one considers a series of steel spheres, and examines the 
relations of the compressed surfaces with semi-circular 
tracks and tries to form some clear and accurate mental 
picture of the phenomena incidental to the rotation of 
the outer race it is found impossible. I would suggest 
that it would be difficult to. discover a more complex 
problem than that of a ball bearing under, say, an 
accelerated rotation under load. On the constructive 
side I put forward the suggestion that many manufac¬ 
turers might help themselves greatly by presenting more 
accurate ideas about load capacity, for after all it is 
the load capacity for so many millions of revolutions at 
stated speed that counts in practical work. If we take 
a certain agreed standard bearing and make repeated 
tests of that bearing for a long period—I know that 
a good deal of such work has been done in this field and 
I suggest that itr be persevered in—^the results could be 
exchanged between one manufacturer and another, 
and even published in the ordinary engineering Press, 
so that one might by such means plot a few vital points 
on curves, connecting load with speed. After 20 such 
bearings had been tested a good idea would be obtained 
as to how to estimate load capacity sufficiently accurately 
for many commercial purposes at any practical speed 
required. The load tables published in makers' cata¬ 
logues do not in any way overstate what the bearings 
listed will carry. The trouble is that in the majority 
of cases they understate. The author mentioned that 
with certain types of motor-generators he did not 
advocate more than one locating bearing. That is of 
course a point which we should fully endorse. Due to 
the fine clearances inherent in the ball bearings them¬ 
selves it is very necessary indeed not to impose delibe¬ 
rately any deformations on bearing systems of more 
than a fraction oj 1/10 000 in. at the most. This being 
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SO when a locating ball bearing is used on a shaft, any 
other ball bearing on the same shaft should have a slight 
end-play. I feel that Mr. Parkinson has not completely 
stated the case when he says that he does not recommend 
lubrication. In fact, in his later remarks he implied 
that he did recommend lubrication, because evidently 
he is taking steps to ensure that the right lubricant is 
put in the bearing in the first instance and is kept there. 
That is what we want. In 99 per cent of the cases of 
returned bearings there are two reasons only why the 
bearings have failed. These are caused in both cases 
by ignorance and are* (1) iH fitting by brutal methods, 
and (2) dirt. If one can ensure when a precision bearing 
is first mounted that the lubricant is clean, neulral, 
does not contain water, and is not subject to oxidation, 
and if one can further ensure that nothing gets into or 
escapes from the bearing housing, one can be sure that 
there will be no lubrication trouble with that bearing. 
Another speaker mentioned that he thought that a 
precision bearing would work quite well without lubrica¬ 
tion. I have often heard that statement made, but 
many tests made in our test shops do not entirely confirm 
that claim. I think that a certain small amount of 
lubricant in roller or ball bearings performs a useful 
purpose. A considerable amount of rubbing takes 
place between ball or roller and cage, and the presence 
of lubricant is therefore undoubtedly helpful. When 
testing bearings it is sometimes found that after a 
certain^time at a given load and speed the temperature 
will commence to- rise, sometimes to such a point that 
the housing of the bearing cannot be handled. If the 
test be stopped at that point it will generally be found 
that the bearing is not damaged. Sometimes heating 
is attributed to the lubricant, which, having arrived at 
a certain temperature, begins to decompose chemically. 
By substituting a lubricant which is more suitable for 
higher temperatures we find that conditions of operation 
are possible which were previously believed to be impossi¬ 
ble and which with the previous lubricant could not 
be maintained. 

Mr. J. Speirs: Although I appreciate the work 
which Prof. Goodman has done, as a practical en^eer 
I am not a convert to his suggested use of wood linings 
or linoleums. These may be very well in experimental 
work at a university but I am very dpubtful if they 
would serve any useful purpose in general engineering, 
and linoleum would certainly add to the difficulty of 
keeping the bearings clean. One point about the 
load-carrying capacity that particularly interests me is 
the question of arriving at a formula that would enable 
the designer to fix the size. Such a formula would 
only be useful for electric machines for ordinary work 
and would not be reliable for all classes of motors. The 
nature of the load is the determin i ng factor in load¬ 
carrying capacity and this is one of the difficulties ih 
connection with published load tables. No published 
load table is of much use for any other purpose than 
the comparison between one size of bearing and another. 
While a formula that would allow a certain amount of 
hberty might be arrived at, I do not see the possibility 
for many years of this becoming a safe practice even in 
the electrical trade. Another feature in connection with 
the nature of load is the suitability of the bearing itself 
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to resist the inaccuracy of the parts that surround it 
—^this is very important. The firm with which P am 
connected—and this is borne out by my experience— 
came to the conclusion some years ago that there was 
only one bearing that was safe for ordinary standard 
motor work, and that had to be of the medium type. 
This is not because of its greater load-carrying capacity 
alone but because the heavier section of the race will 
resist to a greater extent than the light type of bearing 
the lack of inaccuracy in the housing. If a light type 
of bearing is put in a housing that is not perfectly round, 
the bearing will adopt the shape of its housing ; this is 
almost bound to interfere with the life of the bearing 
and in some instances would produce trouble quickly. 
I think that Mr. Parkinson *s remarks wijh regard to 
lubrication have been misunderstood. His point is 
that he makes no provision on his machine for the 
renewal of lubrication, which is entirely different from 
concluding that he runs the bearings dry. He means 
that he does not allow anyone to re-lubricate the bearings 
unnecessarily aiid, in all probability, with an enfeely 
unsuitable lubricant. I think he has made quite a 
good point. I am not an advocate of running a bearing 
dry, as some lubrication is necessary in the interest of 
the cage. Bearings have been run dry, but it is not 
an advisable procedure. In connection with the lantern 
slides showing the application of various bearings to 
electric machines, one firm is dispensing with the use 
of the cage for heavy work, but experience does not 
show that this is perfectly sound. With regard to the 
question of general design, the first principle is simplicity 
and the absence of a multiplicity of parts and the conse¬ 
quent absence of errors. The future of the anti-friction 
bearing is undoubtedly assured and I am satisfi.ed that 
this paper will do some good, but I hope that it does 
not immediately cause users of bearings to employ 
such a formula as the author suggests. To fit a roller 
bearing and a location bearing in the same housing at 
high speed is a dangerous practice and one that we 
have found to be unsound. High-speed bearings must 
be separated or else their lubrication will be difficult. 

Mr. J. W. Adams: The author^s remarks with reg^d 
to the selection of bearings by manufacturers as being 
irrational may be quite correct in principle, but in the 
present state of the art it is somewhat difficult, not to 
say impossible, for the user of the bearings to accumulate 
the amount of varied experience fa lli ng to the lot of 
the actual bearing makers. The performance of any 
good make of bearing and the information regarding 
such performance is naturally in the hands of the 
manufacturer, as it is hardly feasible for the user to go 
to the considerable expenditure of time and money 
in such a highly specialized branch of engineering. In 
my opinion the manufacturer is adopting the correct 
attitude, since his accumulated experience is placed 
freely at the disposal of the user. The author a^o 
states that he does not consider it sound engineering 
practice to use the maker’s experience. From my own 
experience I would suggest that it is to be regretted that 
the user does not collaborate more closely with the 
manufacturer. Failures with. both ball and roUer 
bearings, whilst not being common when considering 
I the great extent to which anti-friction bearings axe now 
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used, could be considerably reduced if that collaboration 
werrf closer. Quite a number of failures are due to the 
wrong type of bearing being selected, and I am quite 
certain that many of the applications put into practice 
by machine manufacturers would be condemned were 
such applications submitted for the consideration of 
the bearing makers. It is, after all, quite a common 
thing for the wrong bearing to be selected and often 
incorrectly mounted. The author states that little or 
nothing has been published by the manufacturers of 
ball and roller bearings. I have made it a hobby to 
collect catalogues published by the various bearing 
makers, and I find that not only do they give interesting 
information but much of it is extremely useful. Refer¬ 
ring to the question of load factor mentioned by the 
author, I should like to suggest that when dealing with 
direct-coupled motors the load factor has to be considered 
just as much as in a belt or chain drive. From a purely 
technical aspect one would merely consider the weight 
of the rotating mass. In practice, however, allowance 
must be made for any error in alignment of the equip¬ 
ment. It often occurs that excessive loads are imposed 
upon the bearings due to incorrect alignment. This 
trouble unfortunately happens under circumstances 
over which either the motor manufacturer or the maker 
of the bearings has no control, yet one of these is 
invariably blamed. The author also suggests a load 
factor of 4 for a belt-driven machine, but I think that 
it is now a generally accepted practice to estimate on 
a load factor of 6. He does not take into consideration 
the time element which, of course, is a very deciding 
factor in the ultimate life of the bearing. To illustrate 
the matter more clearly I would suggest a comparison, 
say, between motors for cranes which run intermittently, 
and a motor driving fans for the ventilation of mines, 
such a machine running 24 hours a day and 7 days a 
week for months on end. The life of the bearing depends 
entirely upon the fatigue of the material due to alter¬ 
nating stresses on the various elements. The author 
also gives a corresponding expression for rope drives 
as compared with belt-driven machines. The conditions, 
however, may often be more severe when dealing with 
a rope drive. I have now in mind particularly the 
textile industry. Consideration must be given to the 
effect of hunoidity, which will naturally cause the tension 
of the ropes to vary and consequently impose much 
greater loads upon the bearings. In connection with 
chain drives considerable allowance should be made for 
any overload due to stretching, resulting in links over¬ 
riding the sprocket and imposing loads which are usually 
not allowed for in the original bearing selection. I was 
rather surprised to notice from a large number of lantern 
slides exhibited by the author that the position of the 
location bearing varies with different designers. In 
some cases the location bearing was mounted on 
the pinion or driving end, whilst in other cases it 
was mounted on the opposite end of the armature 
shaft. While I do not wish to suggest that it should 
be adopted as a standard practice, I think that the 
possibility of fitting the locating bearing on the driving 
end might be considered, as the bearing is partly located 
by reason of the greater radial load coming upon it, 
thus permitting the bearing remote from the driving 


end to move laterally due to any expansion or contraction 
of the shaft as a result of temperature variation. There 
must obviously be less radial load to overcome, thus 
allowing the bearing greater freedom to position itself 
correctly. The author also suggests that the selection 
of bearings might be in the hands of a standardization 
committee. While there is much to be said for this it 
is quite possible to carry the scheme too far as it tends 
to cramp design. I believe, however, that the British 
Electrical and Allied Manufacturers’ Association are 
investigating the matter. If this is correct it is, I think, 
safe to suggest that the various bearing manufacturers 
will be given an opportunity of expressing their views. 
The reference made by the author and by several speakers 
in the discussion to the subject of care in the handling 
of bearings is very opportune. It is, I believe, now 
generally admitted that the makers of ball and 
roller bearings are working to a precision which can 
hardly be approximated to by those who ultimately 
have to mount their manufacture. It is, however, of 
the utmost importance to exercise every possible care 
when handling bearings during the process of building 
up the machine in which they are incorporated. I 
appreciate, of course, that the conditions obtaining 
in a workshop are totally different from those found ip. 
a laboratory or university, and after all it must be a 
commercial proposition. The greatest evil, in my 
opinion, is the utmost ignorance shown by those work¬ 
people responsible for the actual fitting of bearings. 
I have seen bearings taken out of the greaseproof wrap¬ 
ping in which they are so carefully packed by the 
makers, laid on a dirty bench, possibly alongside of 
a vice and fitters in the process of mounting the bearing 
filing the armature shaft or housing, resulting in the 
beariug being filled with filings or other deleterious 
matter before it is actually put into commission. This 
is not uncommon, as I have found it repeatedly done 
in numerous workshops where ball and roller bearings 
are used. 

Mr. R. M. Longman : A point not specially dealt 
with by the author is the question of lubrication, 
although many of the lantern slides show extraordinary 
precautions to prevent oil creeping along the shafts. 
In view of the extremely small amount of lubricant 
which ball bearings in particular: require, the precautions 
shown seem to be unnecessary. It is of course essential 
that the right quality of grease or lubricant should be 
used. A case once came to my notice of a 260-kW 
rotary converter fitted with ball bearings; on one 
occasion when these were examined and cleaned a 
grease very similar in general appearance to the correct 
grease was by some mischance provided, but it had the 
unfortunate result of necessitating new bearings in a 
very short time. This sort of trouble had not occurred 
previously nor did it subsequently occur with the correct 
grease. Owing to the length of time which the correct 
grease wiU last it seems doubtful whether means for 
oiling should be provided, as too much oil is often as 
big . a danger as too little, and the damage caused is 
generally less easy to detect. The value of the constants 
shown in the curves varies from 1 to 3 in diff^ent 
cases. It would be difficult to .know what value actually 
to use. I agree with a previous speaker in regard to 
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selecting the larger bearing for the job, particularly as 
no heat indication of trouble occurs. It is of the utmost 
importance that after paying the extra price for such 
particularly high-class material every care should be 
4-alrftTi in the handling and the subsec^uent treatment 
of the same, i.e. when installing and during subsequent 
examination. 

Mr* J. G. Graven: My remarks will be from a dynamo 
and motor repairer's point of view. During the past 
six years we have had a large number of dynamos and 
motors sent in to us for repairs to the bearings, and I 
^-hink I can safely say that 95 per cent of the faulty 
ball bearings were entirely due to faulty workmanship 
in fitting them. In some the shaft has been slack in 
the inner race, while in others the outer race has been 
slack in its housing. Probably 3 per cent of the failures 
are due to the use of unsuitable lubrication. I doubt 
very much whether 1 per cent are due to the choice of 
a wrong bearing. I think that in six years I can only 
bring to mind our having fitted two ball bearings with 
which there has been trouble after the machine has 
been repaired. In one case a manufacturer supplied 
us with a “ tight" bearing, and I agree with the author 
that the bearings should be slack " for electric motors. 
Tliis case was taken up with the manufacturers, who 
admitted that a tight" bearing had been supplied, 
because they had not the “ slack " fitting in stock. It 
was replaced without charge. The customer did not 
at all appreciate the bearing ruiming for only about 
six months, nor being asked to pay for taking the motor 
out, removing it to our works, the fitting of the new 
bearing—^which was supplied free of charge—and the 
replacing of the machine in his factory. The result was 
that we made a concession, and carried out the work at 
net cost. The other instance was a pulley-end ballbear¬ 
ing of a oO-h.p. motor failing a few months after being 
renewed, due to a very badly designed belt drive, the 
motor being fitted with a pulley 12 in. dia. x 24 in. 
face, and only approximately a 6-in. shaft extension. 
The bending of the shaft, and the consequent strain on 
the ball bearing, undoubtedly caused the failure. 

Prof. J. Goodman [commu-nicaled) : The paper will, 
in my opinion, serve a very useful purpose in calling the 
attention of designers and users of ball and roller 
bearings to the necessity of collectings definite data on 
the behaviour of such bearings. Owing to the cost of 
ball and roller bearings the designer has to work with 
a much lower margin of safety than when using ordinary 
ring-lubricated bearings ; consequently it is of consider¬ 
able importance to him to know how to select the 
most economical bearing for his purpose. Unfortunately, 
however, few designers have sufficient experience or 
data with regard to ball and roller bearings to enable 
them to do so with any degree of certainty, hence they 
are obliged to avail themselves of the advice of manufac¬ 
turers. The maker of the bearing cannot, however, 
possibly have the intimate knowledge of the exact 
conditions of working that the designer has, hence 
mistakes are liable to occur. To avoid such mistakes 
the author rightly urges designers to get data which will 
enable them to select their bearings from makers' lists. 
How are they to obtain this data ? I would suggest 
that the Institution of Electrical Engi?jeers should draw 


up suitable data forms with columns to be filled in, ^ving 
full particulars of bearings in use, together with the 
conditions under which they are running, and a final 
statement as to whether they axe a success or otherwise. 
Such forms should be issued to designers, manufacturers, 
and users of ball and roller bearings,^ asking them^ for 
information. By this means much valuable data might 
be collected and afterwards tabulated, from which 
conclusions might be drawn. The tabulated report should 
be circulated amongst those who have contributed 
the information. In the course of a few years definite 
data would be available to aU concerned. Ball and 
roller bearings have come to stay and the sooner we al 
know how to use them to the best advantage the better 
it will be for all parties concerned. The author points 
out that many failures of bearings are due to bad work¬ 
manship in fitting the bearings, rather than to defects 
in the bearings themselves. This is undoubtedly true. 
Even with highly skilled workmanship, failures occur 
due to the springing of frames, deflection of shafts and 
general lack of rigidity which cannot always be avoided. 
In view of this fruitful cause of failure I would urge that 
bearings should be housed with a yielding elastic backing, 
such as hard wood, fibre, linoleum or oiher suitable 
material around the outside of the outer ring of the 
bearing. Such materials allow a certain amount of 
“ give " and act as a cushion and thereby reduce the 
m-efiects of vibration and shocks. 1 have made use 
of such devices in many cases with complete succ^s, 
even where the manufacturers of the bearings prophesied 
failure. The author calls attention to the damage 
which may be done by shocks from improperly fitted 
spur gearing. I know of an instance in which some 
almost perfect^ spur gearing, ground to the nearest 
1/10 000th in., was supplied by a firm of the highest 
standing for a very particular job, but in fixing the 
pinion on to the shaft it whs badly damaged by rough 
workmanship. The foreman in charge was not much 
concerned and set a fitter to chip the teeth with a 
hammer and chisel and finish ofiE with a file. Needless 
to say,'* the gearing and the roller bearing close at hand 
never worked satisfactorily. Of course the makers of 
the gearing and the bearing were blamed for the trouble. 
It does not follow that because the men who are engaged 
in making ball and roller bearings and who work to 
extraordinary degrees of accuracy are necessarily the 
best men to fit bearings on to shafts and into 
housings. The men who are accustomed to the special 
tools required for repetition work iu. making bear¬ 
ings are often very poor hands at doing jobs outside 
of their own special groove. The, fitting of ball and 
roU^ bearings to their shafts and housings requires 
men who have had a special training in such work. 

Mr. W. C. Massie [communicated) : The author 
indicates that he considers it y^ong for designers of 
electrical machinery to follow the lead of automobile 
designers, etc., and hand over.their ball-bearing problems 
to specialists employed by the various manufacturers. 
I submit that the selection of a ball or roller bearing for 
a certain purpose in many cases calls for much specialized 
experience and is a probleih very different from those 
which can be tackled out of hand by any engineer 
and, by reference to a handbook, by a mechanic. That 
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this is so is evidenced by the present paper which seems 
to contain little which cannot be found in most of the 
catalogues and handbooks issued by the various manufac¬ 
turers. A careful study of these, together with some 
of the papers recentl 3 ^ read before engineering bodies 
in Great Britain, will enable any engineer to select his 
own bearings. At the same time the judgment of a 
specialist based on extensive experience cannot be put 
into a catalogue or I can assure the author that the 
manufacturers would have found a way long ago. The 
formula given on page 784 (vol. 62) for the belt pull is 
very similar to but not so simple as the standard formula 
given in catalogues, viz. : 

^ „ horse-power x 33 000 X 6 

Belt pull =-=--* 

(r.p.m.) X TT X pulley diam. in feet 

and I think that the factor 6 will be found safer than 
4. The formula in this form shows that the load on 
the motor bearing can be varied by var 3 nng the size 
of pulley. This point has not been made in the paper. 
In the absence of information as to whether they are 
based on experience, calculation or estimation. Figs. 
2 and 3 are of no value and it is difficult to see why an 
overload factor of 1*6 corresponds to an overload of 
100 per cent and 1 * 2 to an overload of 40 per cent. X 
am entirely in agreement with the author that the 
disparity in the load figures given by various manufac¬ 
turers for the same size and type of bearing is absurd. 
Differences in material and accuracy of manufacture 
may account for a small difference, but one is forced 
to the conclusion that some manufacturers use their 
load tables to advertise the superiority of their produc¬ 
tions by suggestion. In the absence of a standard 
" life ** basis for load figures it is certain that figures 
given by a manufacturer can only be used in accordance 
with his instructions. The question of " fatigue and 
consequent " life ** is being investigated very thoroughly 
and I do not think that it will be long before some of 
the manufacturers will publish'" life ” factors based on 
actual tests. Probably the late Mr. A. W. Macaulay's 
treatment of this part of the subject in his paper on 
" Endurance of Ball and Roller Bearings ** read before 
the Institution of Automobile Engineers in 1923 is the 
most valuable contribution made to our knowledge of 
this branch of engineering for many years. On page 789 
seven formulae are given for determining the permissible 
combined radial and thrust load which can be taken 
by a radial bearing, but the author's suggestion that they 
are the varying views of different firms is absurd. 
Actually the^^* are all correct when applied to the type 
of bearing to which they relate. The first is applicable 
to a deep-grooved single-row bearing without a filling 
slot, and a light type self-aligning spherical roller bear¬ 
ing. The fourth applies to a light type self-aligning ball 
bearing, and so on. The author persistently refers to 
self-aligning bearings without making it clear whether 
he means ball or roller bearings, and he nowhere mentions 
what is probably the best combination of bearing for 
heavy duty work in electrical machinery, viz. a double¬ 
row self-aligning spherical roller bearing at the located 
end of the shaft, and a short cylindrical roller bearing 
at the^ther end. There are few classes of engineering 
manufacturers who lay themselves out to supply tech¬ 


nical information and advice as freely as ball-bearing 
firms, and their sole reason for wishing to have bearing 
problems referred to them is the desire that the bearings 
may be applied successfully. After all, their business 
depends on the successes gained. Again, it would be 
ridiculous for an electric motor maker to refer each 
motor order he received to his ball-bearing supplier, 
but it would be simple to plan a scheme with him so 
that he could tell at once if his standard bearing were 
capable of a given duty, or what heavier t 3 q)e he could 
fit in. There is much to commend outside technical 
advice when it is free and backed by guarantee. I 
cannot agree with the author that the importance of 
the use of ball and roller bearings in electrical machinery 
is exaggerated or that it is an open question whether 
it is worth while to embody them as a standard. Pro¬ 
vided a suitable bearing is fitted it will waste less power, 
use less oil, last longer and will be less difficult and 
expensive to replace than the ring-oiled brass bearing 
and, last but not least, it will not " run hot." On the 
other hand, it may mean the malting of new patterns, 
the calling-in of outside technical advice and tlie loss 
of revenue derived from replacement of worn-out 
bearings and shafts, and perhaps a little extra initial 
cost. The use of ball and roller bearings in motors and 
generators will be universal in the course of time and, 
I fear, before manufacturers have discovered a way to 
avoid the necessity of giving free technical advic^. 

Mr. T. D. Trees {in reply): I appreciate theinterest 
shown in the paper and am pleased to note that the 
discussion has brought out several useful points. In 
some instances, however, the purpose of the paper 
appears to have been misunderstood. I have attempted! 
to illustrate on suggestive lines the fact that, when 
selecting bearings, it is essential to make appropriate- 
allowances for the type of drive under consideration,, 
which is not perhaps as widely realized as it might be.. 

Mr. Green's remarks on excessive belt tension support 
my statements on page 784 and emphasize the fact 
that the blame does not always lie with " selection 
but often with the man in the shop. However, although 
ring-lubricated bearings give some warning by running; 
hot, it is probable that they suffer from as many break¬ 
downs due to excessive belt tension as do ball bearings ^ 
I have, for example, known cases of fractured end 
brackets due to hot bearings of the ring-lubricated 
type. 

Mr. Parkinson's views are very interesting, and there 
is much to be said for the practice of omitting lubri¬ 
cators or other means which make it so easy to insert 
any sort of oil or grease. If properly packed with the- 
correct lubricant the motor may run without trouble 
for six months or longer without recharging. The 
lantern slides shown have simply been borrowed to- 
give additional interest to the paper and are repre¬ 
sentative of the practice of various firms, although the 
designs are in some cases far too complicated in my own 
opinion. 

In reply to Mr. Moss, it is not that I think the 
bearings are inclined to be on the light side generally, 
but rather that one may get let down in special cases, 
where, for instance, the bearing size is checked hurriedly 
or carelessly by simply taking catalogue load-tables and. 
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applying them without any factors to suit the particular 
conditions. Reference to the bearing manufacturer will 
of course guard against such possibilities, but I suggest 
that the electrical manufacturer should put himself in 
a better position to make his own selection. With 
regard to the question as to the means provided for 
renewal of lubricant, the answer is that this is really 
a matter of opinion. Some firms make provision and 
some do not; the provision of lubricators is not so 
much a vital point as a selling point. No doubt the 
average buyer prefers to have lubricators. 

Mr. Mitchell has dealt quite leniently with my paper, 
and I expected to have more questions to answer, since 
he is interested—^like the two following speakers—^in 
bearing manufacture. It is not my intention to stereo- 
type the question of bearing sizes. He advises us, 
somewhat naturally, to consult the bearing maker on 
every occasion, and states that the calculation of load 
capacity is a matter of infinite difficulty. This is very 
true up to a certain point, and in saying this he is not 
unlike many of us who tell ourselves that our particular 
business is very complicated. However, the busy 
manufacturer cannot afford to let his affairs remain 
** very complicated,^* and I am confident that the up-to- 
date bearing maker has certain basic values for each 
bearing he makes, and when a customer consults him 
as to tlie size of bearing desirable for a certain duty 
he do^ not have to work from the fundamental with 
such complex mathematics as are implied. It is really 
a matter of sound business that he must have simplified 
methods of selection, with probably many charts, 
curves and load factors such as are suggested in the 
paper, which will enable his technical staff to give the 
necessary advice readily without undue time spent on 
each question. My proposals are that one can group 
the various types of loads into certain classes in order 
to form some opinion as to the requirements to be met, 
but the bearing manufacturer will no doubt have more 
groups than may serve our purpose. The scheme can 
easily be extended in many directions to suit one's 
individual needs. After saying that it is much better 
for engineers to consult the bearing manufacturers on 
every occasion, and after almost convincing us that 
we should not attempt to undertake the work of the 
specialist, Mr. Mitchell suggests that we can solve our 
own bearing problems by taking long test-runs on 
standard sizes. I am rather puzzled to know why he 
fiiinkfi that the motor maker should incur this trouble 
and expense and publish the results, when he would 
have us believe that we cannot solve such complex 
questions and that he has already this and much more 
information; yet he refrains from comment 6n the 
practical side of the paper. 

Mr. Spiers voices the policy adopted by his firm in 
stating that published load-tables are of little value 
except for comparison; they prefer to be consulted 
by the user and therefore do not give load-tables except 
for the small sizes of bearings. He suggests that it is 
unwise to use the formulae put forward, but I am sorry 
that he gives no other information in Ihis respect. He 
appears to think that I would avoid collaboration, 
instead of which I suggest that it is not necessary to 
have such close collaboration as is essential when no 


load-tables or factors are published. It is not intended 
that the formulae should be used without regard to the 
nature of the load, but with such a method of com¬ 
parison the ordinary problems may be solved ; when 
the question is of peculiar difficulty one should consult 
the manufacturer, but one does not want to be sending 
him inquiries every day. It is very interesting to hear 
that light-type bearings conform to the shape of the 
housing. Although I have thought that the races nught 
offer some approach to the shape of inaccurate housings, 

I did not tliink that it was quite so rapid a process as 
Mr. Spiers tells us. In this connection it may be useful 
to remark that in cases where a split bearing-bracket is 
required, the practice I have generally recommended 
and used is to fit the ball or roller bearing in a separate 
solid housing in order to prevent the outer race being 
clamped injuriously when bolting the bracket together. 
When one is using large bearings of the heavy t^^e 
this may be unnecessary if care is taken when machining 
the housing and assembling, but it is QXwQys safe practice. 

I agree with Mr. Spiers in his remarks on lubrication, 
in reference to tiie omission of cages in certain heavy 
applications and the numerous parts shown in other 
applications, as illustrated in some of the lantern slides. 
It is also agreed that high-speed location and journal 
bearings should be separated. 

Mr. Adams says that it is difficult for users to accumu¬ 
late experience and he regrets that the user do^ not 
collaborate more closely. It is, however, not so difficult 
to accumulate experience. He wants to have every 
question raised with the bearing maker, but, as already 
pointed out, it is considered unnecessary to waste days 
in correspondence when one might settle most questions 
in an hour, I am afraid that he has read the paper 
hurriedly or he would have noticed that the questions 
of incorrect alignment and tlie life of the bearings 
are both dealt with. Further, he is quite in error in 
supposing that I favour the selection of bearings being 
in the hands of a Standardization Committee; it is 
definitely stated on page 790 that I consider this to 
be mos’b undesirable. Also, he has misquoted me in 
another place '' that it is unsound practice to use the 
make's experience.” My contention is that it is un¬ 
sound practice to hand over the whole business of selec¬ 
tion to the maker and be content to remain in ignorance 
as to whether the bearings are ample or not, without 
being able to check their capacity when required. With 
reference to catalogue collecting, this has also been a 
hobby of mine, and it is very easy to prove by reference 
to those issued up to the date of writing the paper 
that British makers publish little or nothing on 
allowances or ** load factors.” What information is 
given in this direction is Continental in origin and is 
not found except in the publications of those whose 
policy is the result of some control from the same source. 
It is agreed, however, that since they commenced busi¬ 
ness in this country the fiorm represented by Mr. Adams 
have published more data than is usual in British 
practice. He makes a useful point regarding the effect 
of humidity on rope drives; this should not be lost 
sight of, but I suggest that my load factor will allow 
for this in general cases. The chief difficulty m^ occur 
when an operator deliberately wets the ropes in order 
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to a tighter drive, which is sometimes done. My own 
preference regarding location and thrust bearings is to 
mount them at the end remote from the drive in most 
horizontal machines; by so doing, the shaft between 
the drive and the actual rotor can be shorter and stiffer, 
and in the case where a journal bearing also serves as a 
locating bearing it seems better to put the additional 
thrust load on to the one carrying the lighter journal 
load. 

In reply to Mr. Longman, the question of lubrication 
was considered to be outside the scope of the present 
paper. Much could be written on this side of the 
subject, but it is preferred not to go into the matter 
at ihe moment except to say that the grease or oil used 
should be chemically neutral. There are various pro¬ 
ducts marketed for this special purpose. I do not 
understand his difficulty in regard to the constants 
varying in certain cases; it seems logical enough to 
me that they should so vary, according to the speed of 
the gearing and the materials used, for the reasons I 
have given in the paper. 

Prof. Goodman has carried out a considerable amount 
of research work and is a recognized authority on ball 
and roller bearings, therefore his remarks are very inter¬ 
esting and much appreciated, but I must confess to 
serious misgivings as to the value of Iris suggested data 
forms. I feel that it is infinitely preferable to encourage 
the engineer to select for his own particular needs, with 
the assistance of the bearing maker if necessary, than to 
attempt what might be termed a national movement, 
which would be very slow in operation and unwieldy in 
its collected data because of the wide range of loads, 
types and sizes as mentioned in the paper. This idea 
would institute a basis of averages, rather than a basis 
of design values. If the average practice in the country 
is too good, good, or poor, then his collected data will 
be also too good, good, or poor, as the case may be; 
and who can determine the best practice for individual 
needs except by personal experience after all ? With 
regard to his suggestion of elastic backings, I am, like 
Mr. Spiers, unconverted. In the laboratory such 
methods may be used, perhaps; but in practice, par¬ 
ticularly in electrical machines, I am sure that they 
would be a fruitful source of trouble. It should be 
quite sufficient to imagine the result of fitting a yielding 
bearing housing in the case of motors with small air-gaps. 
If one is dealing with excessive vibratory or shock 
loads, then the better way is to interpose some flexibility 
between the drive and the bearing, and not between the 
bearing and the housing. Sometimes this can be done 


by introducing a flexible coupling, or by using non- 
metallic pinions ; but, whatever else may be necessary, 
I do not agree that we should depart from the solid 
housing for electrical machines. 

Much of Mr. Massie's criticism has already been replied 
to in the discussion. The curves are based on my own 
experience, and the apparent inconsistency of the factors 
for momentary overload in Fig. 3 is explained by the 
following: A bearing should be able to withstand a 
certain momentary overload and one need not fit a 
bearing capable of continuously dealing with this maxi¬ 
mum momentary load. An electric motor is also 
capable of withstanding momentary overloads up to a 
certain value according to its design. If the estimated 
momentary bearing overload is small it is quite probable 
that the motor will respond to larger demands than 
that, should the drive require it; and, conversely, if the 
estimated bearing overload is large it is probable that 
the motor will not exceed this output. Hence it is 
that I use a smaller margin between the factor and the 
overload on the small values than on the higher momen¬ 
tary loads. I am sorry that I have not made it suffi¬ 
ciently clear that by self-aligning bearings is meant ball 
bearings. In the paper originally submitted the various 
types were explained, but this was omitted later. The 
self-aligning roller bearings to which Mr. Massie refers 
are of comparatively recent date and are not much 
required except for really large machines and-rheavy 
service. He may not agree that ring-lubricated versus 
ball and roller bearings is an open question, but it is a 
fact that several of the leading motor makers prefer to 
use ring-lubricated bearings, and others are sitting on the 
fence without conviction either way. The saving in 
power by the adoption of ball or roller bearings in elec¬ 
trical machines has little relative importance. The loss 
in bearing friction is very small compared with iron, 
copper and other losses, and even if one could have 
really frictionless bearings the motor would gain little 
in efficiency. Also, in starting up a motor the energy 
required after the first few revolutions will be practically 
the same for either t]ype of bearing, because it is chiefly 
expended in accelerating the masses, and not so much 
in bearing friction. 

In conclusion I should like to thank The Hoffmann 
Manufacturing 6o., Ltd., The Skefko Ball Bearing Co., 
Ltd., Messrs. Ransome and Maries Bearing Co., Ltd., 
and Messrs. Rudge-Whitworth, Ltd., for the loan of 
samples and lantern slides, and for the attendance of 
their representatives whose contributions to the dis¬ 
cussion are greatly appreciated. 
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Mr. W. B. Hlrd : Designers axe always interested in 
any new investigations or methods of calculation which 
increase their scientific knowledge of what is actually 
going on in a machine and which improve the methods 
whereby they predetermine a machine*s characteristics. 
There are doubtless many cases in which the use of 
elaborate formulas and the application of all the refine¬ 
ments that fresh knowledge puts at their disposal are 
justified. It must nevertheless be conceded that for 
the ordinary everyday work of a design office the great 
desideratum is simple formulae the application of which 
does not involve long and tedious calculations and 
which can be relied on to a fair degree of approximation, 
rather than a more elaborate method which strives 
for a quite unnecessary degree of accuracy. I therefore 
welcome the author*s view that it is better to use a 
formula giving both the eddy-current and hysteresis 
losses than to use a separate formula for each, even 
though it is true that the single formula cannot be 
justified from theoretical considerations. The art of 
the designer consists in judging witliin what limits 
these approximate formulae may be used and at what 
point more elaborate methods axe necessary. As a 
matter of fact I have for many years used with satis¬ 
factory results a formula much on the lines of that 
given by the author, but with modified constants. 
The machines on which the author carried out his 
experiments were somewhat small. This is almost 
necessary in experimental work of this sort, because 
big machines axe very seldom available. Consistency 
in the results obtained with four different machines is, 
however, to be expected when tire machines axe more 
or less similar in size and construction, and there may 
be danger in expecting the results thus obtained to 
hold true for machines of a totally different type or 
size. I do not agree with the author*s explanation of 
what happens under the commutating pbles. Since any 
interpole is of the same polarity as one or the other of 
the neighbouring main poles, it cannot be right to 
consider the losses as due to a double reversal (one 
under the interpole and one under the main pole), and 
at the most the losses due to the presence of the inter- 
poles can only be due to a depression in the curve of 
field strength between the two poles of similar polarity 
—^not to a total reversal such as tlie author claims. 
The formula generally used in textbooks gives 1*6 as 
the index for hysteresis and 2*0 for eddy currents. 
The values obtained by the author vary from 1-6 
upwards for hysteresis and from 2*0 upwards for eddy 
currents, the maximum in each case being about 20 per 
cent in excess of these figures. That difference is no 
doubt important from the purely scientific point of 
view, but I do not think that it is very important in 
practice. An addition of even 10 per cent to the core 

* Paper by Mr. £« Hughes (see page 36). 


losses of a d 3 niamo—^these core losses being only 20 per 
cent of the total losses to begin with—does not make 
any very considerable difference in the final results. 

Mr. J. C. Macfarlane : I congratulate the author 
on his method of extending the proposals* made by 
Mr. Burge and myself in 1908 to cover load conditions. 
These proposals applied only to the line of similarly 
designed machines which we were discussing at that time. 

I agree that expressions of the type included in the 
present paper can be made to give sufficiently accurate 
estimates of the iron loss, even under load conditions, 
in machines of similar design and construction, but I 
cannot agree that either the constant or frequency 
index proposed by the author can be of universal 
application. Both values depend on such variables 
as {a) the ratio (air-gap length)/(slot-opening), (&) the 
construction and shape of the pole-shoes, and {c) the 
air-gap density. By pa 3 nng careful attention to these 
variables, machines have been constructed (with lohys 
iron stampings O’OIS in. thick in the armature core) 
having measured light-load iron losses less than two- 
thirds of those calculated with the author’s constants, 
and for the machines in question the frequency index 
is not greater than 1 • 37. The iron loss actually taking 
place in, or due to, the pole-shoes is, even in modem 
machines, a considerable part of the whole. The total 
hght-load iron loss can easily be increased by 20 per 
cent by boring out the pole-shoes alone, particularly 
if the air-gap still remains small, and an increase of 
60 per cent is not unusual if the armature core surface 
is machined. The paper will be very useful to designers, 
and expressions of the type with suitable constants can 
easily be obtained for the designs of machines in which 
they are interested. 

Dr. S. Parker Smith : While some of the facts in 
the paper are not new to designers, it is a great advantage 
to have the question of high losses in the iron emphasized 
as much as possible and also to insist that a great part 
of this loss is avoidable. Taldng the figures on page 48, 
for example, it is seen that the actual loss was found 
to be four times the loss given by the makers. Fig. 17 
might well be used by some makers, who take no care 
to reduce iron losses. From time to time during the 
past 20 or 30 years attention has been drawn to the 
excessive iron losses in all classes of electrical machinery. 
Even when due allowance has been made for all 
unavoidable additional loss in the end plates and oth^ 
constructional parts of the armature and for all addi¬ 
tional losses due to rotating hysteresis, the fact remains 
that in very many machines at present built the iron 
loss is at least tvvice as great as it need be. The causes 
of this avoidable additional loss are mainly bad work¬ 
shop methods, such as punching the slots with badly 
set or blunt dies, filing and drifting the slots after the 

♦ Journal 1009, vol. 42, p. 232. 
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core^ has been assembled, carelessness or neglect in 
removing the bad edges from the stampings. Not only 
in small machines such as those with which the author 
deals, but also in transformers and turbo-alternators, 
the iron losses may well be halved by careful workman¬ 
ship and constructional methods. Mention might be 
made also of the eddy-current losses which may occur 
in the armature copper, even when the machine is 
unloaded. The author is to be thanked for again 
drawing attention to this important matter and it is 
to be hoped that his paper will induce some firms to 
pay more heed to the careful construction of their 
cores. The repairer also is often to blame in this 
connection because of his readiness to use the file and 
drift when replacing coils. 

Dr. A. E. Clayton {communicated) : The predeter¬ 
mination of the value of the iron losses is naturally a 
matter of considerable importance to designers of 
electrical machinery. As stated by the author, the 
problem is complicated with toothed armatures owing 
to the fact that the magnetization is neither purely 
alternating nor purely rotating. It is further com¬ 
plicated owing to the effect of filing, etc., in the slots 
upon the insulation resistance between core plates; 
in addition there may be appreciable losses in the core 
end-plates and in the pole-shoes. It is well realized 
that the losses occurring with such machines are very 
much greater than those in the case of transformers 
working under similar conditions, so far as maximum 
fiux density and frequency are concerned, but the exact 
reasons for the great discrepancy are not in every case 
fully appreciated. So far as the teeth are concerned, 
the magnetization may, for all practical purposes, be 
taken to be purely alternating. But—and this is most 
important—^the flux does not change according to a 
sine law, following instead the wave-shape represented 
by the flux-distribution curve. This has a most marked 
effect upon the value of the eddy-current losses. More¬ 
over, as regards the teeth, any burring over of the plates, 
due to filing, will have a pronounced effect. As regards 
the core, both the intensity and direction of magnetiza¬ 
tion change, and the effect set up may be called elliptical 
rotating magnetization. The actual shape of the air-gap 
flux distribution curve will have but a minor effect 
upon the core losses, and, in addition, filing out the 
slots will only slightly influence the value of the eddy- 
current losses. It follows, then, that to calculate 
separately the iron losses in the teeth and in the core, 
formulae should be used in which tlie loss constant 
used for the teeth differs from that used for the core. 
Since the conditions of magnetization are so widely 
different, a single value for the constant cannot be 
expected to give correctly both the tooth loss and the 
core loss. However, in practice, where the machines 
all have much the same proportions, the aggregate 
losses as deduced from a single formula of the type 
given on page 47 are generally suf&ciently near to ihe 
test figure. But when such a formula is applied to 
abnormal machines, such as those in which the core is 
either abnormally shallow or abnormally deep, the 
results obtained are very often unsatisfactory.* In 
calculating iron losses in rotating machinery, then, in 
my opinion, it desirable to adopt a value for the loss 


constant for the teeth different from that used for the 
core. The need for doing this was made very apparent 
to me some considerable time ago when investigating 
the discrepancy that existed between the calculated 
and measured iron losses on a large number of turbo- 
alternators. I found that whereas the measured losses 
for 2-pole machines were invariably much less than the 
calculated figure, those for 4-pole machines were greater 
than calculated. The ratio (tooth volume/core vol^e) 
being much smaller for the 2-pole than for the 4-pole 
machines, indicated the probability that the tooth 
losses were under-estimated and the core losses over¬ 
estimated. It was then not a difficult matter to deter¬ 
mine, for the teeth and core respectively, values for 
the core-loss constants which gave in all cases a reason¬ 
able agreement between calculated and measured 
figures. On page 46 the author discusses the effect of 
the wave-shape of the flux-distribution curve upon the 
eddy losses in the teeth. It appears to me that the 
value of the eddy losses in the teeth is completely 
determined by considering solely the manner in whici 
the flux changes in them. When a coil is moved past 
the pole of a magnet the effect is to cause a change 
in the flux linked with the coil, this change corresponding 
exactly to the net rate at which the coil-sides cut 
through the magnetic field. The E.M.F. established 
may be regarded as being due either to the coil-sides 
cutting through the field or to the rate of change in 
the flux linked with the coil. In every case the rate 
at which the flux changes in a circuit—quite independent 
of the manner in which the change is brought about— 
determines entirely the value of the E.M.F. induced. 
It does not appear, therefore, that the losses given in 
Equation (1) will occur in addition to those corresponding 
to Equation (2). The wave-shape of the flux-distribution 
curve has undoubtedly an important bearing upon the 
magnitude of the eddy-current losses in the teeth. 
Moreover, contrary to the view that appears to be 
very generally held, the maximum value of the flux 
density is by no means the all-important criterion, but 
it is of the utmost importance that the flux shall not 
change too rapidly. When the flux linked with a 
circuit changes by an amount tb® quantity of elec¬ 
tricity which will circulate in the circuit is 0/r, a value 
quite independent of the time taken for the change in 
the flux. The E.M.F. developed is, however, deter¬ 
mined by the rate at which the flux changes. The 
energy produced is determined by the product of the 
mean E.M.F. developed and the total quantity of 
electricity circulated, and thus increases in proportion 
to the rate at which the flux changes. Applied to the 
case of eddy currents in the teeth, it may then be 
taken that tiie quantity of electricity circulated in the 
eddies is determined directly by fibie maximum flux 
density, but that the energy developed is determined 
by the product of the quantity of electricity circulated 
and the rate at which the flux changes. It is then the 
shape of the flux-distribution curve at the pole fringe 
that is .of major importance. This may be illustrated 
for the case of the two simple rectilinear flux-distribution 
curves indicated in Figs. A and B, the maximum flux 
density being the same for the two cases. Fig. A 
roughly corresponds to the case of an unsaturated 
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turbo-altemator, and Fig. B is a very rough approxi¬ 
mation to the case of a d.c. machine. For a very 
narrow tooth, the time taken for the flux to change 
from maximum to zero will correspond to the motion 
of the armature through 33*3 per cent of the pole-pitch 
for case A and only 7 • 6 per cent for case B. The 
eddy losses for case B are therefore relatively 33 *3/7 *6 
(sss 4*4) times as great as for case A. This simple 
ca(pulation, whilst not taldng account of all the factors, 
is sufficiently exact to illustrate the great importance 
of the actual flux-distribution curve, and the desira¬ 
bility of employing pole-shoes of a suitable shape. 

Mr. E. Hughes {in reply) : It is not stated in the 
paper that the commutating poles give rise to a double 
reversal of the flux as suggested by Mr. Hird. The 
depression in the flux curve between two poles of the 
same polarity is, however, so great that the flux density 
in a tooth midway between two such poles is very low.* 
It has to be borne in mind that the commutating pole 
is always adjacent to the weakened tip of the main 
pole of the same polarity; and the depression in the 
flux wave is thereby accentuated. 

Whatever the relationship of the iron losses to the 
total losses, there is no question about their importance 
in determining the temperature-rise of tlie armature j 
and every endeavour should be made to reduce them as 
much as is practicable. It is therefore interesting to 
leaniwthat Mx. Miacfarlane has been able to effect a 
reduction of about 30 per cent by careful attention to 
various factors. 

It will be readily granted that constants determined 
from comparatively small macliines may not be uni¬ 
versally applicable; but the main purpose of the 
paper been to deal with methods rather than 
with numerical constants. The suggestion of Dr. 
Clayton concerning the separation of the tooth and 
core losses is a partial solution of the problem—^but it 
is far from being a complete one. There is first the 
difficulty of separating these losses, and then there is 
the difficulty of determining the flux distribution in 
the core—a distribution that depends upon the pole- 
pitch, core depth, flux density, etc. Such a method 
would result in arbitrary constants which would not 
be of universal application. 

In his discussion of the eddy losses in Figs. A and B, 
Dr. Clayton has overlooked the difference between the 
eddies in the teeth due to rotation and those due to 
transformer action. He states that when a coil is 
rotated through a magnetic field the E.ME.F. estab¬ 
lished may be regarded as being due either to the coil- 
sides cutting through the field, or to the rate of change 
♦ C. C. Hawkiks : ** The Dynamo,*' vol. 2, Gth ed., p, 47. 


in the flux linked with the coil.** The flrst method 
was used in deriving Equation (1) on page 46 of the 
paper, whilst Dr. Clayton in proceeding to demonstrate 
the application of the second method has discussed an 
entirely different loss. If a loop be rotated in the 
magnetic fields represented by Figs. A and B respectively, 
the change of fiux linkages per cm of axial length 
during the sixth of a cycle taken by a coil-side to move 



from position of zero field to that of maxi m u m density, 
say B, in Fig. A is JBr. If / be the frequency, the 
corresponding rate of change of flux linkages is 
(1/6/), i.e. 2Bt/. Hence the energy lost during 
• hhiR interval is proportional to 2BTf x •JBt. For 
Fig. B, the corresponding change of flux linkages is 
B X 0*076t in 0-0376// seconds, so that the rate of 
change of flux linkages is again 2Bt/ ; and the energy 
lost is proportional to 2Bt/ x 0-075Bt. Consequently 



the ratio of the eddy losses of Figs. A and B during 
the interval taken by a coil-side to pass from zero to 
maximum field strength is 0-667/0-16, i.e. 4-46. On 
the other hand, when the eddy currents due to trans¬ 
former action in the teeth are considered—^the paths of 
these currents being at right angles to those of the 
eddies set up by rotation—^the value of 1/4-4 derived 
by Dr. Clayton is obtained for the ratio of these eddy 
losses for Figs. A and B. These results show that it 
is essential to consider quite separately the eddy losses 
due to rotation and to transformer action; and this 
is the pmrpose of Equations (1) and (2) on page 46 of 
the paper. 
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ALTERNATING 

Mr. B. S. Hornby {communicated) : I have read 
with interest the results of the tests described in the 
paper by Messrs. Harvey and Busby (see pages 368-378) 
and also the conclusions reached by Prof. Cramp 
(pages 379-383). The losses predicted in the case of 
extra-high-tension cables by Prof. Cramp are lower 
than one. would anticipate, and I suggest that they 
should be confirmed by similar tests made on long 
lengths of cable laid underground. These tests could 
be carried out by bunching the three cores of existing 



Fig. a. 

e.h.t. duplicate mains, and, as the results would be of 
considerable practical value, no doubt a supply under¬ 
taking would allow their mains to be used for such 
tests at times of light load, when they could temporarily 
dispense with such mains. Similar tests made on cables 
protected by double steel-tape armour would also be 
of interest. I have also considered the problem of 
transmitting three-phase current through separate 
cables for each phase, but have worked on it in another 
direction, namely, by the use of a lightly-insulated 



Fig. B. 


outer concentric conductor arranged to carry a current 
equal to but opposite in direction to that in the main 
inner conductor. Th^ arrangement eliminates all 
hysteresis and eddy-current losses in the armour and 
sheath, but doubles the copper loss. This loss is, how¬ 
ever, of no serious consequence when the power is 
transmitted the greater part of the distance by overhead 
wires. The equalizing current is obtained by (1) moving 
the star-points at the transmitting and receiving ends 
to the cable ends, and (2) the use of current transformers 
on intermediate lengths of underground cable as shown 
in Figs^A and B, in which **i " and o " indicate the 
• Papei^by Prof. W. Cramp (see pape S79). 


CURRENTS.'^ * 

inner and outer conductors of the concentric cables 
*'u'*; p and *'s ” the primary and secondary wi^id- 
ings of the step-up or step-down transformers '' t ” or 
current transformers ** c** \ **\** the overhead lines; 
**y** the star-points; and '*b*' the busbars at the 
transmitting station. 

Mr. B. M. Simons (communicated) : I have been 
interested in the two recent cable papers by Prof. 
Cramp, the first by him and Miss Calderwood on single¬ 
core lead-covered cables, and the present paper cover¬ 
ing in addition the effects of armour. Prof. Cramp's 
work should be of great interest to all cable engineers, 
and I think that his calculations of the open-circuit 
loss in the sheaths of cables and his work on armoured 
cables should be of particular importance. When 
the former paper first appeared, I noted that the 
author's formula for the simplest case of all, the case 
of short-circuited sheaths, to which he undoubtedly 
gave less consideration than to the other more difficult 
cases, was not in agreement with the work of other 
investigators. Considering the case of a singlepphase 
circuit of two parallel single-core lead-covered cables, 
the distance between whose axes is D and the 
mean radius of whose sheaths is r. Prof. Cramp 
takes K == r/B. His formulae contain the term 
log [(1 — K)IK), while, using the same S 3 mibols, most 
other writers have a term log (1/E). The difference 
between the two terms is fundamentally a difference 
in limits of integration; Prof. Cramp integrates the 
flux out of the sheath of the distant cable, while the 
more usual method is to integrate to its centre or axis, 
I myself believe that the integration should probably 
be carried to the axis of the second cable, as is done in 
the calculation of the inductance of parallel wires, 
for reasons so clearly stated by Nesbit.* In particular, 
Fisher,t Atkinson,| Clark and Shanklin,§ Capdeville,|l 
Sacchetto,^ and Melsom and Beer ** all agree in effect 
upon the use of •‘the term log (1/E). I rather hesitate 
to raise the question, in view of my appreciation of 
the value of these two papers, but the matter is one 
of practical importance, since the difference between 
the two formulae is by no means negligible. Dwight,ft 
in his article on this subject, in which he developed 
practically a rigid formula for the sheath-circuit eddy 
loss which takes into consideration the proximity 
effect and holds even if the sheaths are tangent, 
mentions the earlier paper by Prof. Cramp and Miss 
Calderwood and calculates ttiat the sheath loss is 
37 per cent of the conductor loss instead of the 16 per 
cent given by them in one of the tables, the entire 

• Electric Journal, 1019, vol. 16, p. S84. 

t Transactions of the American ImtihUe of Electrical Engineers, 1000, voj. 28 
p. 747. 

± Ibid., 1012, vol. 81, p. 804. 

§ im., 1910. vol. 38, p. 917. 

il Revue Gdnerale de VBlectriciU, 1020. vol. 8, p. 17^ 

If VBlettroteenica, 1022, vol. 9, p. 607. 

♦♦ Journal I .EX., 1926, vol. 63, p. 100. 
tt Electric Journal, 1824, vol. 21, p. 62. 
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difference being in the logarithmic term. When, 
however, the same term was included in the present 
paper also, it seemed to me that the point should be 
settled one way or the other in the interest of all cable 
engineers. In view of the general agreement on one 
form of equation and, in particular, of Dwight's direct 
statement in regard to this term, I should like to ask 
Prof, Cramp his reason for using his form of the 
logarithmic term, or if there is any way of reconciling 
the two points of view. All the various formulae 
should undoubtedly give approximately the same 
numerical answer, in order that the calculated value of 
induced sheath loss may not be a variable depending 
upon which particular formula is used. 

Prof. W, Cramp (in reply ): I do not think that there 
is any reason to suppose that long lengths of cable laid 
underground would give results substantially different 
from those upon which my analysis has been based. 
Ever 5 rthing depends, of course, upon the dimensions of 
the cable and the armouring, and i£ I could find a 
municipality willing to place some long lengths at my 
disposal, as suggested by Mr. Hornby, I should certainly 
be willing to take a confirmatory test. The difficulties, 
however, are considerable. The distribution of the 
magnetic field about three cores in parallel is not the 
same as about one central core, and the losses will 
certainly be greater in the former case. It is also 
difl&cul^ to get underground cables upon whose spacing 
and straightness reliability can be placed. Tests on 
double steel-tape armour are not, in m}' opinion, of 
much value, as such cables are generally avoided. Mr. 
Hornby’s system of avoiding losses by moving the star- 
point of the system is veiy interesting, but, I think, 
would only be adopted for comparatively short lengths j 
indeed, the object of his device seems to be to connect 
short breaks in long overhead lines. For considerable 
distances the extra expense of the sheath copper, and the 
extra loss entailed, render the use of his system doubtful. 


I fully expected that the question raised by^Mr. 
Simons would occur in connection with the term 
log [(1 — jBQ/jBI], and it was with this expectation that 
I carefully guarded myself by inserting the last para¬ 
graph on page 481 of Volume 61 of the JoutTial, The 
difference between the above expression and the usual 
term log (l/K) is, as Mr. Simons points out, introduced 
by the limits of integration. Now there is no doubt 
that where the circuit consists of a pair of small parallel 
cylinders the limits adopted by the writers quoted by 
Mr. Simons are correct, but where these cylinders are 
enclosed in other conducting cylinders, of much larger 
diameter and forming no part of the original circuit, 
the case is, I think, quite different. For, under the 
former conditions, any magnetizing force arising from 
cylindOT A and passing beyond the centre of cylinder B 
is exactly counteracted by an equal force due to 
cylinder B. This is the fundamental reason underlying 
the limits usually adopted, which are commonly used 
for the inductance of a pair of parallel wires. We are 
not here concerned, however, with the inductance of 
the original cores, but only .with the induced currents 
in the sheaths that surround them, which are themselves 
low-resistance conductors. It is clear, therefore, that 
while there will be between the sheaths an uninterrupted 
path for the magnetic flux, the mere presence of a 
portion of either sheath will tend to deflect or damp 
out any alternating flux beyond this region by reason 
of the eddy currents induced in the portion of the 
sheath that intercepts the flux. The effect, then, of 
the presence of the sheath will be to increase the 
density between the sheaths slightly, and to reduce 
very effectually any magnetic flux that would otherwise 
exist between the sheath and the core of the conductor 
B due to the current in conductor A. I hope that 
this will explain to Mr. Simons why I have adopted 
the limits which he questions, and also why I inserted 
the paragraph on page 481 referred to above. 
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CHARTS FOR REGULATION OF TRANSFORMERS.* 

By Arthur A. Boelsterli, Associate Member. 


{Paper first received October^ 1924, 

Summary. 

To ascertain the regulation—^an essential characteristic 
of a transformer—-when the ohmic and reactive drops 
respectively are given involves a good deal of calculation. 

In the first part of the paper, charts are presented, from 
which the results can easily he read. 

In the seond part a simple chord diagram ” is developed, 
which is well suited for approximate estimates. 

Both methods are based upon the formula recommended 
by the American Institute of Electrical Engineers and pennit 
a dear visualization of the relations implied. 

1. Regulation Chart. 

In clause 6053 of the Standards of the American 
Institute of Electrical Engineers " the regulation of a 
constant-potential transformer is defined as the difference 
between the no-load and rated-load values of the 
secondary terminal voltage at the specified power 



0 


Fig. 1. 

factor, such difference being expressed as a percentage 
of the rated-load secondary voltage. 

Eig. 1 represents the vector diagram, under load 
conditions, with the ohmic and reactive drops not 
separated into pfimary and secondary portions, but 
considered as total drops for the transformer. In 
making the vector of the secondary terminal voltage 
equal to 100 units of length, regulation as defined 

* The Papers Committee Invite written communications (with a view to 
publica^ in th^ Jounua if approved by the Committee) on papers published 
m the Joupud without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they^late. 


and in final form 31st January, 1925.) 

above is directly represented in the diagram. Although 
this paper specifically deals with transformers, attention 
is called to the fact that in the above form the diagi*am 
of vectors is identical with the diagram of a transmission 
line when electrostatic capacity is neglected and assuming 
concentrated resistance and inductance. Hence the 
methods developed below are equally applicable to a 
transmission line. 

Reverting to the case of the transformer, it is assumed 
that either by tests or by computation from design 
data the ohmic and reactive drops are available. Thus 
the task is confined to the determination of the regula¬ 
tion from the configuration of vectors as shown in 
Fig. 1. 

Regulation figures are usually required for several 
power factors. Various methods have in the cpurse of 
time been developed for readily obtaining these figures. 
Among the graphical solutions the diagram of Kapp is 
well known. The Mershon diagram, which is merely 
an ingenious generalization of the diagram slibwn in 
Fig. 1, although applied almost exclusively to trans¬ 
mission lines, lends itself to the case of the transformer. 
Both methods mentioned, however, possess, owing to 
the relative smallness of the voltage-drops, the disad¬ 
vantage of requiring to be drawn to a large scale in 
order to obtain results of acceptable accuracy. Analysis 
of the vector diagram, on the other hand, yields varied 
expressions for tlie determination of regulation. In its 
specific recommendation the American Institute has 
been fortunate in selectiug a formula of excellent 
practical value (see clause 6391 of the Standards). It 
is this formula which is here made the basis of a novel 
graphical representation on the alignment principle. 
The charts developed afford a means of rapidly ascer¬ 
taining regulation and it is hoped will be found useful, 
especially for rqptine work. 

A second graphical solution of the formula will 
subsequently be shown in the shape of a simple circle 
diagram, which is thus well suited to the needs of those 
who but occasionally encounter the problem. 

Let q^. =s percentage ohmic drop ; 

= percentage reactive drop ; 
m — cos ^ = power factor; 
n s= sin ^ = reactive factor; 
q' = percentage regulation, uncorrected ; 
q =s percentage regulation, corrected. 

The formula referred to can be written as follows: 

q = g' + S . . . . (1) 

where Q'= ntqr + • • * (2) 

and ... (3) 

. 200 ^ ^ 



BOELSTERLI: CHARTS FOR REGULATION OF TRANSFORMERS. 


693 


The quantity denoted by Equation (2) is evidently 
represented by AD in Fig. 2 and thus constitutes a 
first approxiruation. 8 is a correction term, which, 
added to q*, marks a near approach towards the true 
value. In Fig. 2, 8 is represented by AD. Equation (3) 
is easily derived from the diagram with the aid of an 
expansion, omitting terms of higher order. The accuracy 
attained is such as to bring the theoretical error within 
the limits of the errors of measurements.* 

Equations (2) and (3) contain the same four variables 
(m and n obviously count only as one, as they are merely 
the cosine and sine of the same quantity). Owing to 
their construction both formulae lend themselves to 
development into alignment charts. Equation (2) is 
developed in Fig. 3. Here all the divisions on vertical 
lines are uniform. This makes the plotting of the 
chart extremely simple. The procedure on an empirical 
basis can be summarized as follows : Lay ofE arbitrarily 
two uniformly graduated scales for q^ and q ^; calculate 
from Equation (2) for each power factor to be represented 
in the chart two or (better) three pairs of values of 
g, and corresponding to one and the same value of g. 



The straight lines joining corresponding values of g,. 
and q^ then intersect in points through which the 
respective power-factor lines can be drawn parallel to 
the gy and q^ scales. Moreover, the unit of gradation 
is for any power-factor line the 1/gth part of the distance 
of the aforementioned point of intersection from the 
zero point on that power-factor line. The zero points 
are all on the line joining the zero points of the g^ and 
q^ axes. By connecting the points on the scales that 
correspond to equal values of g the curves of constant 


regulation are obtained. 

Fig. 4 represents Equation (3). The vertical grada¬ 
tions are here far from uniform and are obtained by 
methods for which the reader must be referred to 


textbooks on Nomography. 

It will be noted that both Figs. 3 and 4 are arranged 
for lagging power factor only, in accordance with 
Equations (2) and (3), which hold good for lagging 
power factor only. The range of this formula cm, 
however, be extended to cover the case of leading 

♦ See p’ G. Aonew and F. B. Silsbee : “ Accuracy of the Formulas for the 
Ratio, Regulation and Phase Angle of Transformers.” Saentific Papers, 
Bureau of Standards, S. 211. 


power factor by attributing in tins case the negative 
sign to the reactive factor, and changing the agns 
accordingly. Similar charts to those presented could 
be drawn for the new conditions. 

The use of the charts shown in Figs. 3 and 4 is best 
understood from a few typical examples. 

Example 1.—For a transformer of 3 600 kVA the 
copper losses are given as 32 400 watts and the reactance 
as 8*5 per cent; it is required to determine the regula¬ 
tion figures for power factors of 1*0, 0*9, 0*8, and 0*7. 

The ohmic drop g,. is in general obtained by dividing 
the copper losses in watts by 10 times the kVA output. 
In the above case this results in g,. = 0*90 per cent. 

is directly given as 8«5 per cent. Marking these 
values on the respective scales.in Fig. 3 and laying a 
straight-edge across, we read the following figures for 
the regulation, representing a first approximation: 

Power factor ,. 1-0 0-9 0’8 0*7 

Regulation.. .. 0-90% 4-60% 5*80% 6-70% 

From Fig. 4 we read by the same procedure: 
Correction .. .. 0-36 % 0-27 % 0*20 % 0-16 % 

The correction always being directly additive, we 
obtain by addition the exact figures for regulation as 
follows: 


Power factor .. 1*0 0*9 0-8 0-7 

Regulation.. .. 1*26% 4*76% 6*0% 6*86% 


The figures are rounded off to one-twentieth of 1 per 
cent, which corresponds approximately to the accuracy 
the charts afford. 

Example 2.—^From measurements on a transformer 
in operation the following figures on regulation axe 
known: 


Regulation at 0• 86 power factor .. ... 4*6% 

„ at 76 % load and 0*70 power factor 4*1% 

What are the percentage copper losses and the 
reactance of the transformer ? 

This fe the converse of the problem in Example (1). 
It is first necessary to refer the second regulation figure 
to full load, assuming proportionality between load and 
regulation. We thus obtain the regulation at 0*70 
power factor to be 6-5 per cent. Plotting now in the 
regulation chart the two points corresponding to the 
two pairs of values of power factor and regulation, 
and laying a straight-edge through them, we read on 
the qf and gj. axes : 

gr-1-26; go, = 6*6. 


q^ is approximately equal to the percentage copper 
loss; qgn is the reactance in the first approximation. 
It is now possible to obtain from the chart correction 
terms corresponding to the regulation figures given. 
Deducting these and using the corrected values again 
in the regulation chart we obtain figures of greater 
accuracy. For g^ = 1*26 and q^ = 6*6 we read the 
corrections:— 


Power factor. 

Correction .. .. v 

The latter figures deducted from .. 
Give. 


0*86 0*70 

0*12% 0*07% 

4 * 6 % ^* 6 % 

4*28% 6*43% 
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Using these last values in Fig. 4 we find 
5r, = 0-83%; 

where is the percentage copper loss, and the 
reactance. 

It will be seen that, in general, for comparatively 
low reactance the correction can be neglected without 
affecting the result beyond the limits of error commonly 
tolerated in calculations of this kind. 

Example 3.—Regulation figures are required for a 
transmission line for which the ohmic drop and the 
reactance have been found to be 4*6 and 8 per cent 
respectively. The power factors are I’Oj 0*96; 0*9; 
0*86 ; 0*8 and 0*7. 

With = 4*5 per cent and g* = ^ per cent we read 
from Fig. 3 : 

Power factor 

1*0 0*95 0*9 0*85 0*8 0*7 

Regulation (approx.) 

4-6% 6-76% 7-6% 8-0% 8-4% 8-8% 

From Fig. 4 we obtain the following corrections 
(rounded off) :— 

0-3% 0-2% 0-1% 0-1% 0-05% 0-05% 

Adding tliese to the values above, the following 
figures result:— 

Regulation (corrected) 

4*8% 6*95% 7*6% 8*1% 8*5% 8*8% 

To make Fig. 3, which is primarily designed to cope 
with the case of the transformer, generally suitable for 
the case of the transmission line the range of both the 
qf and scales would have to be extended. 

Depending on the user’s ability to interpolate, the 
accuracy of the corrected readings is from 1/10 to 
1/20 per cent. This compares well with commercial 
tolerances, which are not infrequently claimed to be as 
liigh as ± 20 per cent of the values put forward. 

2* The Choiod Diagram of Regulation. 

In conclusion, mention should be made of a circle 
diagram that picturizes in a most simple and practical 
maimer the relation as condensed in the American 
Institute formula, in any specific case of g,. and g^.. It 
has long been known, though rarely mentioned in 
textbooks, that in making g^ and q^ the sides of a right- 
angled triangle through the comers of which a circum¬ 
scribed circle is drawn, the regulation as defined by 
Equation (2) is represented by the chord that is drawn 
through the vertex at an angle ^ to g^, where the power 
factor = cos <f>. This is shown in Fig. 2, which sdrves 
to verify the relation :— ' 

i?' = AQ = AF + FQ 
AF — g^, sin ^ 

FQ =s ED = CD cos ^ = AB cos ^ = gr cos ^ 
Thus g' = qf cos ^ + g® sin ^ 


or g' == mq^ -|- ng^, (Equation (2) 

% 

While this relation is well established, it is scarcely 
known that the correction term also, as in Equation (3), 
can in its essentials be represented in the simple diagram 



described; to this latter we propose to refer here as 
the chord diagram of regulation,” aU quantities being 
represented by chords. It is only necessary to draw 



(Fig. 6) the chord that passes through the vertex A 
and is perpendicular to the regulation AQ to obtain 
from its length, when referred to the same Scale to 
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which qf and are drawn, the basis of the correction 
ternf, that is 

AP «= — mr . • • 



Fig. 7. 


With this read off from the diagram, the correction 
term proper is obtained by raising to the second power 


the value read off and dividing the result by 200 , as 
follows from the comparison of Equations (3) and (4). 

Equation (4) is derived from Fig. 5 as follows: 

AP = AC' - C'P 

AC/ = cos ^ 

C'P = CD sin <j> = qr sin <f> 

AP = cos ^ — qr sin ^ 

or AP = wga; — 

When a second circle of the same radius is drawn, 
but with its centre displaced by 90° relative to the 
vertex A, the correction basis appears as the chord AP 
on the regulation chord itself, as shown in Fig. 6 . 

In Fig. 7 the complete chord diagram is drawn for 
i 1.5 per cent and q^ == 4-0 per cent. On the unity 
circle the power factors (lagging and leading) are marked. 
A clear picture is obtained of the variation of the 
regulation g' and the correction factor as a function of 
the power factor. The hatched part of the circle 
corresponds to a leading power factor, and of this the 
segment to the left of the chord refers to a voltage- 
rise. 

In the particular case considered, wc obtain the 
following figures for the regulation at a power factor of 
0*80, lagging and leading respectively : 

Power factor .. .. 0-80 lagging 0-80 leading 

From Fig. 7, g' .. . ♦ 3- 60 % 1 * 2 % 

Correction basis (AP) .. 2*25 4*15 

Correction term (AP)2/200 0 • 025 % 0 • 086 % 

Regulation, corrected (and 

rounded off) .. •• 3*7% 1*3% 
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THE LEAFIELD COUPLED ARC. 

By Major A. G. Lee, M.C., B.Sc., and A. J. Gill, B.Sc. (Eng.), Members. 

(Paper first received IZth January, and in final form 2^ih February, 1925; read before the Wireless Section 1st April, 1926.) 


Summary. 

The reasons for the introduction of coupled-circuit working 
are set forth, with some account of the preliminary experi-* 
ments at Stonehaven and Northolt. The action of the 
coupled circuit in reducing harmonics and ** mush is 
explained. 

Details of the design of the various portions of the circuit 
are given, together with an explanation of the tuning pro¬ 
perties of the circuit. 

The coupled circuit is found to give very constant fre¬ 
quency, and the factors contributing to this are dealt with 
in detail. 

The reduction of harmonics and mush by the coupled 
circuit is very large,but the steps taken to reduce the residuum 
to still smaller proportions are described. 


Section 1. 

Introduction. 

It is a matter of common knowledge that the Poulsen 
arc, if directly connected to an antenna, produces a 
great deal of disturbance to other wireless users on 
wave-lengths far removed from that of the arc. This 
disturbance is of two kinds, (1) the emission of har¬ 
monics, i.e. emissions which are definitely tunable and 
which can be heterodyned to a musical note, and (2) 
the emission of what has been called ** mush.” The 
latter manifests itself as a hissing sound and is usually 
found most strongly in the neighbourhood of the 
harmonic positions. 

The cause of harmonics is to be found in the slight 
departure from sinusoidal form of the current in the 
oscillating circuit. Suitable design of the arc and the 
aerial circuit may reduce the strength of the harmonics 
below what is normally obtained from awalve oscillator 
of similar power on plain aerial, but in practice the 
harmonics, and more especially the mush, are still 
strong enough to give trouble. 

The cause of mush is a little more obscure but is 
probably associated with the irregular frequency of the 
fundamental wave. The arc is an ionic contrivance 
and on a plain aerial connection has a frequency which, 
in the nature of the ionic action inside ,the arc chamber, 
cannot be expected to be very constant. Carson ♦ has 
shown that if a sine wave has its frequency changed at 
a sinusoidal rate, or in other words undergoes frequency 
modulation, an infinite series of harmonics of the sum 
and difference of the fundamental and modulating 
frequencies is obtained. 

When any one harmonic of this series happens to fit 
in with an harmonic resonant point of the antenna 

♦ J. R. Carson : “ Frequency Modalation,” Proceedings of the InstUufe o 
Radio Engineers, 1922, vol. 10, p. 67. • 

VoL. 63. 


system, it gives rise to radiation on that frequency. 
With the arc, the fundamental frequency is undergoing 
frequent discontinuous changes and it is to be expected 
that the ” harmonics ” due to these irregular changes 
will form a continuous spectrum of disturbance, which 
is ready to emerge at any harmonic resonant point of 
the antenna. 

In 1921, before the advent of broadcasting, the chief 
sufferer from the mush of the arc at Leafield was the 
Post Of&ce station at Devizes. It was therefore decided 
to commence experiments on the introduction of a 
coupled circuit, with a view to the reduction of trouble. 

From the theory outlined above it was to be expected 
that the provision of a primary oscillating circuit for 
the arc, in which both the capacity and inductance 
were concentrated, would tend to prevent the harmonic 
E.M.F.’s giving rise to currents of suf&cient order to 
cause disturbance. The antenna system, with its dis¬ 
tributed capacity and inductance, of necessity has 
harmonic resonance positions, so that the introduction 
of the primary circuit should cut down the harmonics 
before they get into the antenna system. 

It was known that coupled circuits had been used 
in the early days of the Poulsen arc, but that their 
use had been discontinued, apparently on account of 
trouble with variable frequency. It was therefore 
decided to commence the experiments on a small scale 
on the 25-kW arc at Stonehaven. These experiments 
were completed in March 1922 and indicated that 
successful working of the coupled-circuit arc was 
possible \Lnd that the reduction of mush and harmonics 
was very considerable. Attention was next paid to the 
30-kW arc at Northolt which was installed in July 1922, 
and the coupled circuit here proved equally successful. 

It was then decided to embark on the provision of 
a coupled circuit for the arc at Leafield, which was 
completed and brought into commercial use in March 
1924. The provision of this circuit involved radical 
changes in the layout of the plant and, as the station 
was in almost continuous commercial use, the operation 
of installation was necessarily a lengthy one. 

Section 2. 

Details of Design of the Leafield Coupled 
Circuit. 

A diagram of the circuit as designed is given in Fig. 1. 
The values of inductance and capacity are those used 
on a transmitting wave of 12 360 m. The circuit can, 
however, be operated at wave-lengths from 8 600 m to 
16 000 m. 

In settling the electrical dimensions of the various 
parts of the circuit it was recognize^ that practical 
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limitations would prevent the circuit being designed to 
giv^ the tna^gi mnm theoretical efi&ciency. The arc 
generators installed were known to operate satisfactorily 
with a value of ^{L/O) of about 160 to 270. This 
factor was given considerable weight in the choice of 
circuit constants. 

It is known from theoretical principles that the 
e£&ciency of a coupled circuit is greater as the ratio 


+ 

Arci 




Mainprima.ry 
mductar 


tuning 


LUce 


Oil 

^ _ condensers 

|_J] 0 - 0125 /iF C-O-OZS/iF 
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' Z* 208 /^H 


Aerial tuning 
inductance 
Z-1120/^n 


Stator 

Fig. 1.—^Diagram of circuit. 


of Cg/C/j increases. The value of O 2 is determined by 
the aerial, but the value of is to some extent a matter 
of choice. 

There are limits, however, to the permissible reduction 
in capacity of the primary circuit, since the smaller 
condenser must operate at a higher voltage and this 
involves greater losses from leakage and corona, while 
the inductance value must be large, necessitating a large 
coil with greater losses. 

The Poulsen arc functions most satisfactorily as a 
high-frequency generator when the ratio of direct 


of condenser voltage E, and values of for a 

primary current of 260 amperes for various values of 
primary capacity and frequency, and is reproduced here 
as Table 1. 

An examination of these figures led to the conclusion 
that the most suitable value of the primary condenser 
was 25 000 jUjuF and that it should be suitable for a 
working pressure of 80 000 volts (R.M.S.). 

There are three kinds of dielectric suitable for higbi-* 
frequency condensers, namely air, mineral oil and mica. 
Investigation showed that air was out of the question, 
as its low dielectric strength and low permittivity 
would have made such a condenser impossibly large. 
‘The issue then lay between the oil and mica. The mica 
condenser is more compact and can be housed in smaller 
space; on the other hand the mica condenser is more 
expensive than an oil condenser of equivalent rating 
and cannot be overloaded with impunity, an event 
which might occur if the aerial became disconnected. 
It was therefore decided to adopt oil as the dielectric 
and to arrange the condenser in four units of 6 260 fiftF 
capacity. 

Experiments were carried out to determine the 
suitability of commercial transformer oil as a dielectric 
medium at high frequencies. It is well known that the 
dielectric strength of such oil is improved when the oil 
is cleaned and dehydrated. The preliminary step was 
to determine wheriier the power factor was likewise 
improved by such treatment. Various methods of 
treatment were compared. 

The oil selected was a light-grade non-sludging oil 
having the characteristics laid down in British Standard 
Specification No. 148 for insulating oils for use in 
transformers and oil switches. 

The oil was not of the non-freezing variety and 


Table 1. 


Cycles per 
sec.,/ 

j 

to 

0 = 30 000/x/xF 

0= : 

26 000 nftB 


30 000 

0= 40 000m/*F 

VT 

0 

E 

VI 

0 

E 



Vi 


37 600 

18 X 10-« 

212 

53 000 

170 

42 600 

H 

36 000 

106 

26 500 

30 000 

28-1 X 10-“ 

265 

66 000 

212 

63 000 


44 000 

132 

33 000 

26 000 

40-63 X 10-“ 

319 

80 000 

266 

64 000 


63 000 

169 

40000 

20 000 

63-3 X 10-“ 

393 

100 000 

316 

80 000 

Q 

66 000 

186 

60 000 


current input to alternating output is : 1. When 
this ratio has values other than this there are large 
harmonic components present in the generated frequency. 
It has been found that in order to approximate to this 
ratio the value of V should not be less than about 
,100. For example, at a frequency of 26 000 cycles 
per second 40*629 X and jf ^/{LjQ )« 100 

then L = 636 iiH and G = 63 660 
Prpnary condenser. —In determining the most suitable 
value of condenser a table was prepared giving values 


during installation it was exposed to heavy frost, which 
produced a semi-solid constituent. Tests were then 
made to deteimine whether the presence of this consti¬ 
tuent had any influence on the power factor of the oil. 
It was recognized that the most convenient method of 
treating the oil would be by means of a centrifuge, and 
a De Laval deihydrator was obtained and tests carried 
out to determine whether such treatment yras as 
effective in lowering the power factor as other methods 
of (hying. T§sts were also carried out to determine 
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the effect of washing by contact with live steam on the 
oil prior to dehydration. 

Most of the measurements of power factor and 
dielectric strength on samples of oil were carried out 
by the National Physical Laboratory and the sum¬ 
marized results of tests are as follows. The power 
factor measurements were made at a frequency of 
26 000 cycles and the dielectric strength measure¬ 
ments were carried out at a frequency of 60 cycles 
per sec. 

(1) Centrifugal dehydration is a satisfactory method 
of improving the power factor of oil, and by 
this means a normal power factor of 0*0003 in 
commercial oil can be lowered to 0*00006. 


(4) Heating the oil after plain dehydration gave an 
improvement in dielectric strength of 10 006 
volts, i.e. from 62 000 volts to 62 000 volts in 
the standard gap of J in. dia. balls spaced 
0 * 16 in. apart. 

The remaining point for investigation was the safe 
working stress for oil at high frequencies. There is an 
absence of published information on this subject. 
Peek * quotes comparative figures of the dielectric 
strength of a sample of oil between flat discs 2*6 cm 
diameter and 0*25 cm apart as 17 000 volts (max.) 
per mm at 60 cycles per sec. and 6 700 volts (max.) 
per mm at 90 000 cycles per sec. Here the oil subjected 
to the liigh-frequency voltage has only 37 per cent of 



(2) The presence of a freezing constituent had no 

appreciable effect on power factor. 

(3) Oil subjected to live steam and afterwards de¬ 

hydrated was found to be unimproved. This 
appeared to be due to the presence of water 
particles in an ex^emely finely divided state. 
If such oil is subsequently heated for some time 
at 130® C. the liigh dielectric strength and low 
power factor appear, • 


its dielectric strength at low frequencies. Rough experi¬ 
ments were carried out to check these results and it 
was found that untreated transformer oil having a 
strength of 36 000 volts (R.M.S.) at 60 cycles on the 
standard gap when tested between flat plates f in. apart 
at 66 000 cycles per sec. broke down at 36 000. volts 
(R.M.S.). Using dehydrated oil between plates having 
edges rounded to in. radius spaced 1 in. g.part, a 
• F. W. Peek, Jxjn. i ** Dielectric Phenomena in High-Volt'ageEngineeriog:,” 

p. 166. • • 
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workyag pressure of 40 000 volts (R.M.S.) at 26 000 
cycles per sec. could be safely used. 

The strength of oil does not increase proportionately 
to the spacing between electrodes, and from these 
results it was estimated that in order to provide for 
a fair margin of safety at a working pressure of 80 000 
volts (R.M.S.). at 26 "OOO cycles per sec. a spacing of 
3 in. between electrodes should be maintained. Further 
experience indicates that this is on the liberal side and 
if it were possible to seal the tanks hermetically this 
spacing could be reduced. 

During these experiments a small experimental oil 
condenser was built of 5 000 /x/xF total capacity in two 
units of 2 600 /x/xF each. The plates were spaced 1J in. 
apart and were of zinc -xV thick. This condenser 
was in regular use at Northolt radio station as a coupled- 
circuit condenser operating at between 35 000 and 
40 000 volts at 66 000 cycles. The only difficulty 
experienced was in obtaining suitable stock insulators 
to support the plates, and eventually the trouble was 
cured by making these of ebonite. The oil used in this 
case was not dehydrated. 

In the condensers at Leafield (Fig. 2) the supporting 
insulators for both high-tension and low-tension plates 
are hollow porcelain columns arranged vertically. The 
merit of the vertical arrangement is that the insulators 
are in simple compression, and the dust particles cannot 
line up along the top surface of the insulator as they 
dp in the case of horizontal insulators. Provision is 
made for the circulation of oil up through the centre 
of the columns. Vertical plates were adopted in pre¬ 
ference to horizontal plates to avoid the risk of bubbles 
being trapped on the under surfaces. The horizontal 
rods carrying the plates rest on spherical shaped seatings 
on top of the insulators so that no bending moment 
can be communicated to the insulator; moreover, one 
end only of each rod is rigidly fixed, the other end 
having a small permissible travel to allow for differences 
of expansion. The spacing between all parts of h.t. 
and l.t. conductors is nowhere less than 3 in. 

;The design of lead-out insulator presented an inter¬ 
esting problem. The ordinary type of transformer or 
oil-switch bushing is unsuitable owing to the heavy 
capacity current passed by such bushings at high fre¬ 
quencies. In the experimental condenser referred to 
^ above, chemical bell jars of glass had been used, stand¬ 
ing over holes in the tank cover through which the 
conductor passed. These had proved satisfactory and 
had been suggested by similar shaped insulators used 
on Admiralty condensers of lower voltage. 

A similar type of bushing was adopted for the large 
condensers, using porcelain bell jars. This type of 
bushing (Fig. 3)has the advantage that its main insulation 
is air, while the porcelain provides mechanical support 
and excludes dust but carries a relatively small dielectric 
current. The distribution of potential between a line 
conductor and a plate having a circular hole through 
which the conductor passes has been investigated by 
Clerk Maxwell and others * both mathematically and 
by means of electi-olytic cells having electrodes of 
analogous shapes. 

♦ C. W.^Rice : “ Electrostatic Problems ,Transactions of the American 
Institute oj Electrical EngIneerSf 1917, vol. 36, p. 905. 


It has been established in the limiting case, where 
the plate is plane and the conductor a line and where 
the dielectric is of uniform permittivity, that the equi- 
potential surfaces are confoc^ hyperboloids of one 
surface, the focal point being the edge of the hole and 
the axis of revolution the conductor. The distribution 
of potential between such a plate and line is shown in 
Fig. 4 by equipotential surfaces and in Fig. 6 as a 



graph. The slope of this latter curve indicates voltage 
gradient. The gradient becomes infinity at the plane 
and at the line. In practice if we make the inner and 
outer conductors take the shape of confocal hyperboloids 
the distribution of potential between them will be 
unchanged and can be readily determined. From the 
shape of the potential curve it is dear that the potential 
gradient changes very rapidly near the edge of the 
hole and little ot no advantage arises in making the 
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radius of the outer hyperboloid less than about 95 per 
cent of the focal radius O. If a tangent to the potential 
curve be drawn at this point it is seen that another 


different diameters of inner conductors. If the mdius 
of the inner conductor is less than about 0 • 33 O' the 
maximum gradient occurs at the surface of this con- 



similar tangent to the curve can be drawn at a radius 
of about 0*33 (7. This is more clearly shown in Fig. 6, 
where the radius of the outer conductor ha3 been assumed 
to be 0 • 96 C7 and the maximum gradient plotted for 


ductor. On the other hand if the radius of the inner 
conductor is greater than 0*33 C7 then the maximum 
gradient occurs at the surface of the outer conductor. 
The focal radius in the present c^e was taken as 
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20 c$p. and* the inner conductor 7 cm radius. Taking 
the ultimate dielectric strength of air as 21 000 volts 
(R,M.S.) the voltage at which corona will appear will 
be 21000 X 20/2-4 = 176 000 volts (R.M.S.). The 
bushing should of course be worked well below this 
value to allow for the distortion of flux due to the outer 
conductor not conforming to a true h57perboloid. 

The condenser has worked satisfactorily without sign 
of breakdown. The losses are extremely small and 
cannot be determined by temperature measurements 
as the surrounding air mcreases in temperature more 
rapidly than the condenser when the station is working. 



Fig. 6.—Maximum potential gradient with various siz^ of 
central conductor. 

Primary inductance .—^At the time when this circuit 
was designed it was desired to obtain practical data of 
the performance of strip copper inductances in com¬ 
parison with tubular and divided-wire types. As the 
strip pattern has great advantages from the points of 
view of cheapness and ease of manufacture it was 
decided to adopt this pattern at Leafield, as a divided- 
wire inductance was already installed there and direct 
comparison could be made. 

Some t3pe of variometer was required in the primary 
circuit, and in order to minimize the circuit resistance 
it was decided to combine this with the primary 
inductance. The inductance consisted of eight spiral 
coils, each coil consisting of seven turns of copper strip 
4 m. wide x J in. thick, the turns having a pitch of 
3Jin. and.a m^n diameter of 76 in. The coils were 


mounted with their axes vertical, tiie four lower coils 
being fitted on a moving carriage which ran on rollers 
and passed under the four upper coils, which were fixed 
in position. The vertical pitch of the coils was 10 in., 
this giving 6 in. clearance between the layers. 

In subsequent experiments three coils were removed 
and the inductance now consists of three moving and 
two fixed cods. The whole is carried on a wooden 



table Oft. above the floor, as it had been found that 
proximity to a concrete floor may appreciably increase 
the losses in a coil. The moving carriage is operated 
from the control platform by means of a handwheel 
and gears. It is thus possible to vary the wave-length 
of the primary circuit while the arc is running. 

The variation of inductance by this means is quite 
satisfactory and is indicated in the case of three and 
five working coils in Fig. 7. The conductors are 
mounted directly on the wooden framework without 
the use of other insulation, as it had been found that 
thoroughly dry wood had better insulating properties 
at high frequency than most other materials. The 
wood used was mostly ash, but it was found that with 
this material prolonged drying by high-frequency cur¬ 
rents was essential before its full dielectric properties 
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were developed. While under construction it was 
found that American whitewood had greatly superior 
qualities and this was substituted where possible. 
For some days before bringing the circuit into use and 
while the station was being operated on plain aerial 
the new primary circuit consisting of inductance and 
condensers was brought near resonance with the spacing 
wave so that a circulating current, which was gradually 
increased up to 150 amperes, was induced therein. At 
first the woodwork increased in temperature by about 
60 deg. F., but after a few days tliis fell to normal. At 
one or two points charring occurred due to imperfect 
contact between the copper and wood causing corona. 
In one place only the ash supporting arm charred 
internally and had to be replaced by American white- 
wood. 

Comparative measurements of resistance were made 
between this coil and the previously installed divided- 
wire inductance. This inductance is a single-layer 
solenoid of 22 coils of cable consisting of 1 600 insulated 
strands. These measurements show that the divided- 
wire type is decidedly superior ; this superiority becomes 
more pronounced at the shorter wave-lengths. 

Coupling transformer. —It was decided to adopt 
separa,te inductive coupling as affording the readiest 
means of vatiable coupling between the primary and 
secondary circuits capable of adjustment while running. 
The coupling transformer consists of four coils, two of 
which^are fixed and are in series in the aerial circuit. 
The remaining two coils are in series in the primary 
circuit and are rotatable inside the stationary coils. 

The coils are buHt up of flat strip copper 4 in. x J in. 
and pitched 1 in. apart between turns. The mean 
diameter of the fixed coils is 61 in. and each consists 
of four turns. The mean diameter of the rotatable 
coils is 37 in. and each consists of five turns. The 
copper is mounted on the wood framework, which in 
this case is of tealr. 

For reasons explained later, the losses in the coupling 
unit depend upon the tuning adjustment at which the 
circuit is worked and are found to be higher than 
desirable. It has therefore been decided to substitute 
the strip copper coupling unit by a divided-wire type. 

The magnitude of ilf, the mutual inductance of the 
coupling coil, can be calculated for a ^psistance load in 
the secondary, if a current ratio is assumed. 

This, for the Leafield circuit, would be something 
slightly less than 10 /aH. In practice, however, ihe 
secondary current has a reactive component which 
increases its impedance, and it is necessary to add 
something to the calculation made in this way in order 
to ensure that the power gets across. The .coupling 
unit was therefore made variable up to about 90 /JEI, 
the best value (found by trial) being 43 /aH. It was 
observed that the amount of coupling was not critical 
in its effect on the current obtained, and the value 
was finally decided by its effect on tiie constancy of 
frequency—^too small a value making the arc less stable 
as it reduced to some extent the fl 3 rwheel effect of the 
secondary circuit, and too l^ge a value having the 
effect of making the aerial-swing relatively more imppr- 
tant while the aerial current was not increased beyond 
the value which could be obtained on relatively smaller 


couplings. Under these circumstances the coefficient 
of coupling is approximately 3 per cent. 

Costs. —Costs of some of the chief items of plant are 
given in Table 2. 


Table 2. 

Approximate Cost, including Erection and 
Overhead Charges. 


Condenser bank, including pipework, dehydrator, £ 

tanks and pumps . 2 800 

Primary inductance, including wooden frame¬ 
work, copper, operating gear and tools .. 480 

Coupler, including woodwork, copper, insulators 

and metal fittings . .. 160 

High-tension busbars and supports .. .. 160 

Miscellaneous items, meters, switches, screens, etc. 260 


Section 8. 

Tuning Operations on the Coupled Circuit. 


Apart from the fact that the Poulsen arc has a some¬ 
what unique cycle of operations, the ordinary theory 
of the oscillation of coupled circuits may be applied to 
elucidate tiie operation of tuning. Many papers have 
been written on the discontinuous frequency-changes 
which occur in the operation of valve transmitters with 
coupled circuits, of which one of the earliest was by 
Townsend.* Townsend described a graphical method 
of explaining the discontinuous frequency-changes. 
His description of the actions which take place may 
be applied to coupled-circuit arc working, but as his 
diagrams are in terms of the square of the wave-lengtiis 
it is thought that the following method of explaining 
the action is perhaps somewhat simpler.. The diagrams 
and theory are of course elementary but are a necessary 
preliminary to the particular action of the arc on 
coupled circuits. 

Fig, 8 shows the changes of the several reactances in 
the primary circuit as the frequency generated is 
altered. The primary circuit reactance — (l/coC?^) 
over the portion of the frequency range considered is 
almost a straight line. It can be shown that the effect 
of the current in the secondary circuit is to impress an 
E.M.F. in the primary, the reactive component of which, 
(— a)®Jkf 2 / 2 |)Z 2 , may be regarded as an additional 
inductance or capacity in the primary circuit depending 
upon the phase of X^. The sum of these two reactances 
forms the net reactance of the primary circuit. It is 
well known in this case that the frequency generated 
will be such that the net impedance of the primary 
drcriit is zero. In other words, for the particular 
diagram given (in which the primary and secondary 
circuits are both tuned to the same frequency/ q), the 
arc will oscillate at the points or /g, where 




4 


♦ J. S. Townsend : “ Oscillations obtained by coupling a serondary circuit 
irithii continuous-wave valve oscillator,” 1915^20, vol. 1, p. 

Since the paper was written the authors’ attention has been called to ^ 
iarUer artide on the subject by Humby and Sciionland: W«ive-lengtbs 
radiated from oscillating valve circuits,” JSUefrtc.a-.., 1919, vol. 83, p. 443. 
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These frequencies axe given for the isochronous case 
by -Sie ordinary theory of coupled circuits, viz.' 

^0 . _ ^0 
"1“ V(i 

where coJ{2^), and are the frequencies 

/q and /2 respectively, and k is the coefficient of 
coupling. 

Tuning of the circuit may be effected by keeping the 
secondary circuit constant and altering the inductance 
of the primary. This is the method employed at 
Leafield. Further lines such as those shown dotted 
may be drawn on the diagram to represent this tuning 
by alteration of inductance, and the interception of 
these lines with the. curve of reactance due to the 
secondary circuit gives new oscillation points such as 
/s and 4 . 


the line still further to the right, it ceases to cut the 
negative secondary reactance curve, and the oscillations 
therefore suddenly jump to a much higher frequency 
represented by /g, where both reactances have changed 
sign and we have again the equality — (l/a)Ci) 
= These effects are depicted in Fig. 9, 

in which the dotted lines represent the frequencies 
obtained graphically in this way. 

On retracing our steps bympving the line 
from right to left, it is now the high-frequency oscillation 
which has taken possession of the arc and we have 
frequencies given by the intersection of this line with 
the positive values of On passing 

beyond the positive maximum of reactance due to the 
secondary, the frequency generated again makes a 
sudden jump, this time to the low side. 

In this discussion we have neglected the effect of 
resistance in order to make the matter more clear. It 



Now, in general, the arc will only oscillate on one 
frequency at a time if it has a choice of two frequencies 
which are not harmonically related. This is because 
the extinction period of the arc forms a discontinuity 
^ which can only fit one cycle of operations. 

With a coupled circuit such a cycle of operation is 
normally stable unless certain limits are exceeded, 
because a change from one mode of oscillation, say fy 
to the other, /g, entails an almost complete reversal of 
phase in the secondary circuit, a process which can only 
be carried out by the expenditure of a certain amount 
of energy. 

We will now trace out the effects which occur as 
the primary inductance is altered from a low-frequency 
resonance value to a high frequency. As the line 
is moved parallel to itself from left to 
right of the diagram, oscillations commence at a low 
frequency, gradually rising in frequency as the line is 
moved to the right. It will be seen that neax the 
negative maximum of the curve representing reactance 
from t^e secondary circuit, the frequency-change for 
a given movement of the line becomes smaller. Moving 


is obvious, however, that as we approach the isochronous 
frequency Irom either side the effective resistance intro¬ 
duced by the secondary into the primary circuit will 
increase. For instance in the Leafield case, if it were 
possible to reach the isochronous frequency the effective 
resistance introduced by the secondary into the primary 
would be over 40 ohms. 

We shall therefore approach a point when the total 
effective resistance of the primary circuit is too great 
for the negative resistance developed by the arc to 
handle and the oscillations will stop, starting again 
immediately at the new frequency position determined 
by the tune of the primary circuit in relation to the 
reactance froin the secondary, as already described. 
The area enclosed by this oscillation hysteresis effect 
will, therefore, be smaller than that shown by the dotted 
lines in Fig. 9. The heavy lines in Fig. 9 indicate the 
actual frequencies obtained as the tuning of the primary 
circuit of the arc at Leafield was altered. The arrows 
on both the dotted and heavy curves indicate the 
direction in which the tuning was effected. The points 
bf interest in tfi^se latter curves are : 
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(1) The hysteresis area is much smaller than that 

calculated, in which no allowance was made 
for a limit to the negative resistance effect of 
the arc. 

(2) The hysteresis is not symmetrical about the 

isochronous position, a fact which is rellected 
in the current ratios given later. 

(3) The frequency-change is very flat as we approach 

the positions of frequency discontinuity. 

(4) A further point of interest is the difference in 

the calculated and observed frequencies, part 
of which is due to minor inductances and 
capacities, e.g. leads which were not allowed 
for in the calculation, and a further part which 
is due to the well-known property of an arc 
giving a frequency lower than that due to the 


arc can be operated in a quite stable manner, ♦ In 
practice, operation on the low-frequency side is found 
to be more stable than on the high-frequency side, and 
in addition this side gives a larger secondary current. 
The actual operating tuning point is very slightly 
beyond the isochronous position, which in practice is 
far enough away from the discontinuity position to be 
perfectly stable. It will be realized that, if operation 
on the low-frequency side is decided upon, the secondary 
circuit has to be set at such a value as to enable the 
frequency required to be attained. 

Fig. 10 shows the ratio of secondary to primary 
current as the tuning of the primary circuit is altered. 
It will be seen that tuning the primary circuit from the 
low-frequency side gives the larger current ratio. No 
explanation has been found for the early break on the 



LO values of the circuit, on •account of the 
extinction period forming part of the total 
cycle. It has been calculated that the extinc¬ 
tion period of the arc at Leafield is of the order 
of 1 per cent of the total period. 

The difference between the two frequenciesand /2 is 
in agreement with the coupled-circuit formulfje already 
given for the isochronous position, viz. 


CUa ^ Wq__ 

- V(1 + *) ’ ■ V(1 - *) 

except that the absolute value is affected by the extinc¬ 
tion period as above stated. 

The arc at Leafield is operated with both marking 
and spacing waves. It will be seen, therefore, that 
provided both these waves are kept sufficiently far 
away from the frequency discontinuit;^ position, the 


high-frequency side, but it may possibly be associated 
with straj*- capacity couplings. 

The point where the two curves cross is, as nearly 
as can be estimated, at the isochronous position. It 
will be seen that a larger current ratio is obtained 
beyond the isochronous position, a phenomenon which 
has been given the name of ** Ziehen ** by German 
writers. 

The distinction between the isochronous tuning position 
and the isochronous frequency may perhaps be empha¬ 
sized here. When the circuits are tuned to the same 
frequency, or are isochronous, the frequency generated 
on the low side'' is lower than the isochronous fre¬ 
quency by 370 cycles per sec. The current in the 
secondary circuit is therefore out of phase with the 
voltage, and the circuit presents reactance to the current. 


* This has already been reported by Pession ; « Pnnzipnamenti^eir Ar<» 
Ponlsen ou drcuiti accoppiati,” UEUUroUcnica, 1928, P* 

was also a feature oi the experiments at Stonehaven and Northolt m 1922. 
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It is obvious that as we pass the isochronous position 
we ^alL get nearer the frequency at which the secondary 
circuit is resonant, and hence will increase. In 
actual working with the arc, however, the secondary 
current only increases a short way beyond the iso¬ 


in the primary circuit compared with that in the 
secondary, the less power is wasted in the primary coil 
and condenser and, what is more important, in the arc 
itself. It is this possibility of getting a ratio IJI-i 
greater than unity which permits of the coupled arc 




chronous position, on account of the various limitations 
on output involved in the design of the particular arc, 
although the ratio of currents and also the efficiency 
continue to increase. With regard to the latter point, 
it is ofivious that the smaller we can make the current 


being operated at an efficiency equal to or greater than 
that obtained in plain aerial working. 

Fig. 11 shows a curve representing the actual currents 
obtained on various tuning adjustments of the arc at 
Leafield, from TO’Juch the ratios in Fig, 10 were calculated. 
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This curve was obtained by keeping the d.c. voltage 
approximately constant. The power input is also 
plotted, from which it may be seen that the efficiency 
rises considerably as the isochronous position is passed. 


Section 4. 

Other Forms of Coupling. 

The inductive type of coupling has been used in all 
the experiments at Stonehaven, Northolt and Leafield 
because it is relatively cheaper than condenser coup¬ 
ling and can be made continuously variable. The 
Northolt circuit has an auto-transformer coupling, while 
the Stonehaven and Leafield circuits are transformer- 
coupled. 

The object of fitting a coupled circuit is, however, 
the reduction of harmonics and mush and, theoretically, 
it is fairly obvious that a capacity coupling offers 
advantages in this direction inasmuch as the harmonic 
voltage impressed on the secondary circuit is much 
reduced by employing a capacitative in lieu of an 
inductive coupling, the voltages in the two cases being 
^iKpOm) and respectively. being the fre- 
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Fig. 12.—Capacity coupling. 


quency of the harmonic and the harmonic current in 
the primary. It will be seen that the voltage decreases 
with the frequency in the case of the capacitative 
coupling, while it increases with the frequency with 
inductive coupling. 

Fig. 12 gives the circuit diagram in the capacity case. 
This circuit has been tried out on the arc at Noriholt. 
On the first attempt the tuning was found to be critical 
and the arc unstable. A second attempt was, however, 
more successful but the following experimental facts 
emerged. With weak coupling and ^e circuits in 
approximately the isochronous position, the low- 
frequency oscillation was unstable, but the ^ high- 
frequency /2 was stable. With tighter coupling it was 
found that the low-frequency oscillation was stable 
but the /g frequency*' xmstable. With couplings in 
between these two values both and /g were stable 
but the tuning could not be carried far beyond the 
isochronous position on account ^of the closeness of the 
frequency discontinuity. The value of tiie coefficient 
of coupling in these tests was of the same order as in 
the inductive tests. The results indicate that, whfie 
stability can be obtained, there is some inherent in¬ 
stability in the capacitative case in the arrangements 
at Northolt. The efficiency is also low because the 
tuning cannot be carried beyond tljp isochronous 
position. 


Listening tests were made for harmonics aroimd 400 m 
at DoUiS Hill, about 6 miles from Northolt, wher^ it 
was found that the higher harmonics were reduced but 
the lower harmonics were unaffected. The results are 
complicated by the possibility of direct radiation from 
the primary circuit, and at this distance it cannot be 
entirely excluded from our reckoning. These experi¬ 
ments have only recently been carried out and some 
more work requires to be done to remove, if possible, 
the causes of instability and low efficiency. 

An interesting feature of the tests is the relatively 
very small current in the coupling condenser (7^ during 
the oscillation, and the relatively large current, 
approximately equal to 2J, during the oscillation. 
These axe, of course, to be expected from the theory 
of coupled-circuit oscillations. The same phenomenon 
is, of course, present in the inductive types of couplings. 
In the transformer type of coupling, however, the field 
in the coupling coil during the oscillation is approxi¬ 
mately double that due to J 2 or J 2 » as the currents 
assist. In the oscillation, on the other hand, the 
currents are opposite in phase and the net field is small. 
The losses in the coupling coil are therefore larger in 
the /i than in the /g type of osdllation. 



Another type of condenser coupling which has been 
recommended is a small condenser connecting the high- 
voltage points of the two inductances and (see 
Fig. 13). Calculations which have been made for this 
circuit ihdicate a very small voltage across the coupling 
condenser during one type of oscillation, and an exces¬ 
sively large voltage during the other type. The latter 
possibility has discouraged any trial of this type of 
coupling. 


Section 5. 

Constancy of Frequency. 

It is well known that an arc on plain aerial excitation 
is liable to unsteady frequency variations, and one of 
the pleasing features of the coupled-circuit working at 
Leafield is the remarkable steadiness of the frequency 
and the purity of the note. 

The modem demand for high selectivity in the 
receiver requires very great steadiness in the trans¬ 
mitted frequency. As time goes on, the crowding 
together of wireless services will demand that more 
and more attention be paid to this point. Some inquiry 
has therefore been made in regard to this feature of 
coupled-arc working. « 

An instrument was designed for ^the purpose of 
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observing these small changes of frequency of the order 
of t few cycles per second. It consists of a heterodyne 
oscillator beating with the signal to give a beat note of 
approximately 1 000 cycles per sec. The output of a 
second low-frequency oscillator, tunable to 1 000 cycles 
per sec., is placed in series with the telephones and 
the beats between the two 1 000-cycle notes are reduced 
to zero. Any variation in the signal of even a fraction 
of 1 cycle per second is then immediately audible as 
a slow beat between the two notes. The tuning con¬ 
denser on the 1 000-cycle oscillator is calibrated in 
terms of cycles per second, so that frequency variations 
can be read off directly. Precautions have to be taken 
that the instrument itself does not vary its frequency. 
Over short intervals of time this is easily attained, but 
over long intervals of time its absolute frequency is 
checked by highly accurate wave-meter measurements. 
In what follows, the instrument will be referred to as 
a frequency meter for shortness. 

The following are som^ of the observations made on 
the Northolt arc, which normally is less steady than 
that at Leafield, and it was thought that this might be 
a function of the higher frequency at which the former 
arc is worked.. 

(1) Aye with d yesisfance load of 2 ohms in the primary 

circuit and the aerial circuit disconnected ,—It 
was found that the variation of mean frequency 
was not great, but that the beat note on the 
frequency meter was ill-defined, indicating that 
the variation was too rapid to allow a musical 
beat note to be obtained. No quantitative 
idea of the magnitude of the variation was 
obtainable. 

(2) Similar conditions of circuit^ hut with a large 

condenser shunted across the arc ,—^The frequency 
variations were the same as in case (1). 

(3) Arc with normal circuit coupled to aerial with auto- 

transformer coupling ,beat note was now 
found to be clear and musical. The mean 
variation on the frequency meter vrets of the 
order of 2 to 3 cycles per sec. Weaiher calm. 

(4) Conditions of (3) repeated hut with a large con- 

denser sjhunied across the arc ,—The beat note 
became even clearer and more musical than 
in (3) with the same order of mean variation. 

These tests indicate that the arc itself is unstable, 
but that the coupled circuit exercises a stabilizing 
tendency and that the addition of a condenser in shunt 
across the arc improves the stabilizing properties of 
the circuit. The instability of frequency of the Northolt 
arc set was found not to be due to the liigh frequency 
but to aerial variations. 

Similar results to these have been obtained at Lea¬ 
field, except that in the case of coupled circuit without 
the shunt condenser across the axe the beat note on 
the frequency meter is definitely not good. 

What may perhaps be called the steady ''instan¬ 
taneous frequency ” obtained with coupled-circuit 
working is partly the explanation of the enormous 
reduction of mush which is observed. As explained at 
the commencement of the paper, mush is thought to 


be due to the very rapid, though possibly small, changes 
of fundamental frequency. 

The property of a coupled circuit of reducing per¬ 
manent or prolonged frequency-changes is, of course, 
obvious from a reference to Fig. 8. If, for instance, 
the arc is oscillating at a point such as A, and the 
frequency tends to increase, due, say, to some irregu¬ 
larity in the extinction period, such” as a short period 
of excess ionization causing earlier ignition, then the 
secondary circuit will put back into the primary circuit 
a larger value of In this particular 

mode of oscillation, f^, this quantity acts as an efiective 
inductance in the primary circuit, and its increase tends 
to slow down the oscillation and to some extent to 
compensate for the change of frequency. The order 
of compensation for small changes of this kind has 
been calculated for various portions of the curve, and 
in general it may be stated that the magnitude of the 
variations is halved. This reduction is not large and 
would not be sufficient to explain the remarkable 
difference in purity and steadiness of note between 
plain aerial and coupled-circuit working. 

A change of frequency of the current in the secondary 
circuit, however small, cannot take place instantaneously. 
This, in itself, would be sufficient to explain the purity 
of note, due to the suppression of rapid variations, 
when the signals are heard at a considerable distance. 
The same phenomenon of purity of note is, however, 
evident at the station itself, where of course the current 
in the primary circuit is heard strongly. The stabilizing 
effect of the condenser shunted across the arc also 
appears to be of some importance. 

There seems to be a possibility that the secondary 
current has some action upon the irregularities liable 
to occur in the arc cycle, more particularly those in 
the extinction period.* ‘Unfortunately the efforts made 
to get experimental evidence of this by oscillograph 
records have failed, due to the enormous stray magnetic 
and electric fields at the wireless station clouding the 
phenomena which it was desired to observe. 

Such oscillograph observations as were made, how¬ 
ever, indicated that with the shunt condenser across 
the arc the extinction voltage was slightly higher than 
the d.c. voltage across the arc. It is fairly obvious that 
the particularp.shunt condenser employed (0*0125 jitF) 
is large enough to absorb the surplus current when the 
arc is finally blown out, thus preventing the rise of 
voltage which normally occurs at extinction. In the 
normal arc circuit the arc becomes unstable when the 
current is reduced to a certain small quantity, and at 
this point the magnetic field blows out the arc suddenly, 
causing a rush of current into the external circuit. 
This in turn produces a rise of voltage, due to the 
inductance of the circuit. The rise in voltage tends to 
maintain the arc and delay the blow-out slightly, and 
the arc is stretched Out farther before it finally goes 
out. With the shunt condenser, however, the surplus 
current is absorbed without producing much rise of 
voltage, and the arc should therefore go out at a shorter 
length than in the normal case. 

If it may be assumed that the ionization in the gap 
between the electrodes is dependent to some extent 
upon the finaf ^distance of the arc from this gap, then 
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the longer arc will leave less ionization in the gap than 
the shorter arc given by the shunt condenser condition. 
Further, the low extinction voltage and short final arc 
of the shunt condenser condition are more favourable 
to action by a small external such as that 

acting from the secondary circuit. If this E.M.F. is 
increased from any cause, the suggestion is that the 
final arc length is increased and the ionization in the 
gap lowered. This in turn wiU delay the re-ignition 
and cause a lower frequency to be generated. Now if 
the primary circuit tends to get out of step with the 
secondary, due, say, to excess ionization causing early 
ignition, the secondary current will not change instan¬ 
taneously and hence the phase of the two currents will 
change. The normal phase relations at the oscillation 
point are such that the secondary current is about 
10 degrees behind the primary current. The magnitude 
of the E.M.F. in the primary, due to the secondary 
current, is therefore of the order of 330 volts at the 
moment of extinction. The rate of change of this 
E.M.F. at this point is approximately 33 volts per 
degree shift of phase. An increase of the phase differ¬ 
ence between primary and secondary will therefore 
produce a larger reaction voltage which, it is suggested, 
tends to compensate by reducing the ionization in the 
gap. 

iThe voltage at ignition will also be affected by the 
secondaiy reaction voltage, but as the actual ignition 
voltage is in the neighbourhood of 3 400 volts it is 
unlikely that the reaction voltage will have much direct 
effect on the ignition, except, as suggested, through the 
medium of the ionization. 

Some confirmation of this suggestion is given by the 
following experiments. 

(1) Using the coupled circuit in both cases, the fre¬ 
quency generated was found to be higher by 40 cycles 
per sec. when no shunt condenser was employed than 
with .the shunt condenser. Making allowance for the 
normal compensating effect of the coupled circuit, this 
is equivalent to a change of 80 cycles per sec. in the 
primary frequency, which is further equivalent to a 
reduction of the extinction period to two-thirds of that 
in the shunt condenser case. Malting the usual assump¬ 
tion that, during the extinction period, the condensers 
are charged at constant current, the charging rate for 
the shunt condenser case is two-thirds of the without- 
shunt-condenser condition. Therefore the reduction of 
the extinction period is given both by calculation and 
experiment. 

The peak value of the ignition voltage was measured 
in both cases and was found to be nearly the same, 
viz. 3 200 volts in the without-shunt-condenser case, 
against 3 400 yolts with shunt condenser. 

It follows, therefore, that if with the 50 per cent 
longer time interval of extinction the ionization, as 
indicated by the ignition voltage, is nearly of the same 
order as in the without-shunt-condenser case, then the 
ionization must have started at approximately a 40 i)er 
cent higher level, which agrees moderately weU with 
the known smaller extinction voltage in the shunt 
condenser condition. 

(2) The stabilizing tendency of the shunt condenser 
should only apply to the low-frequency jjibde of oscilla¬ 


tion, In the /g mode of oscillation the phase 
relationslnps of the currents in the two circuits ire 
reversed and, moreover, the reaction E.M.F. is now 
acting in a reversed direction, the net result being a 
tendency to increase instability for rapid fluctuations. 

Actual listening tests show the mush to be more 
pronounced when oscillating on the high-frequency 
than on the low-frequency side. 

(3) A resistance of 6 ohms was inserted in the shunt 
condenser circuit. The effect of this would be to reduce 
seriously the current-absorbing properties of the shunt 
condenser. Actual listening tests at the station showed 
the mush to be much worse with this arrangement. 

The above discussion refers to the instantaneous 
irregularities of frequency and we will now turn our 
attention to. the larger and slower variations which are 
liable to occur. 

Some of the most probable of the causes of such 
variations are as follows :— 

{a) Changes of d.c. voltage across the arc. 

(b) Changes in ionization, due to variation in quantity 

of methylated spirit fed to the arc. 

(c) Change in the capacity of the primary condenser, 

due to alteration of temperature. 

(d) Swing of aerial affecting capacity or inductance. 

{e) Hain or mist affecting leakage or electrostatic 

capacity of aerial. 

As already stated, the coupled circuit onl}’’ halves 
the variation due to a permanent or semi-permanent 
cause, and it is therefore of importance to reduce these 
effects as much as possible by correct design or manage¬ 
ment. 

These items were dealt with individually, with the 
following results. 

(a) No variation in frequency due to changing the 
d.c. supply within the limits ordinarily used could be 
traced. 

(5) Starving the arc of methylated spirit produces 
a change* of 10 cycles in the frequency; and flooding 
the arc with the spirit produces a similar chanp. 
These are, however, extreme conditions rarely met with 
in practice. 

(c) After a prolonged run the temperature of the air 
in the circuit room rises, and this causes a small, slow 
change in the frequency, through alteration of the 
capacity of the condenser; on the marking wave tto 
is compensated by a carbon resistance in the keying 
circuit, which has an opposite effect on the frequency 
as the temperature rises. 

id) The top, flat portion of the aerial at Leafield 
consists of 16 parallel wires strung up tightly, 30 ft. 
apart, and these do not appear to contribute anything 
appreciable to the frequency variation. The down¬ 
lead consists of extensions of these 16 wires coming 
down in fan-shaped formation to two points near the 
leadihg-in insulator, the height of the latter above 
ground being about 20 ft. 

The experiment was performed of exciting the aerial 
with a small valve oscillator and observing the variations 
of frequency on a windy day by means of the frequency 
meter and at the same time observing the movements 
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of the aerial. The maximum variation of frequency 
observed was 16 cycles per sec. (which ori coupled 
circuit working would be reduced to 8 cycles) and this 
was definitely correlated with the movements of the 
wires in the bottom portion of the fan«shaped down¬ 
lead, where the wires were in close proximity. Calcu¬ 
lation shows that changes in capacity and inductance 
of a multiple antenna are greatest wlxen the wires are 
close together, and that if there were no external loading 
these changes would tend to compensate each other in 
their effect on frequency. The effect of the aerial 
tuning inductance is, however, to render of small effect 
any change in the inductance of the antenna, and the 
capacity changes predominate. Arrangements are there¬ 
fore being made to modify the down-lead with a view 
to reducing this swinging effect of the separate wires. 
The variation of frequency in normal weather is only 
2 to 4 cycles per sec. and in certain windy weather, par¬ 
ticularly with S.W. winds, the variation is of the order 
of 6 to 8 cycles. It is hoped that this latter variation 
will be reduced by the alterations contemplated. 

(e) It might be expected that the dielectric constant 
of the air under the antenna would be increased by the 
presence of moisture, but there appears to be no material 
alteration of the aerial constants from this cause. 
Leakage might also be expected to change the frequency 
generated in the case of coupled-circuit working, but 
there does not appear to be any appreciable effect due 
to this cause. No difficulty exists in starting up on a 
wet day and it is probable than any leakage dries out 
quickly. 


Section 6* 

Elimination of Harmonics. 

The lower-frequency harmonics which had formerly 
troubled Devizes and other wireless stations were 
found to have been eliminated by the coupled circuit, 
but no improvement was observable on the broad¬ 
casting band of wave-lengths which were still interfered 
with by some of the higher harmonics of Leafisld. 

Attention was therefore paid to tracing the source 
of these harmonics at the station itself and suppressing 
them by various expedients. 

The apparatus used for this purpose was of two kinds : 

(1) A small frame coil tunable to the broadcasting 

range and with a small 2-volt lamp as indicator. 

(2) A portable heterodyne oscillator covering the 

broadcasting range. 

Of the two kinds, the latter proved more generally 
useful, as it could be carried about outside the station 
and would still pick up the harmonics at a comfortable 
strength. 

It will be remembered that in Section 4 the relative 
merits of condenser and inductive coupling were dis¬ 
cussed and it was shown that inductive coupling tended 
to pass the higher harmonics. At Leafield, however, 
the primary circuit condenser has a capacity to earth 
of 0*002 jLiF which, as will be seen from the diagram in 
Fig. 14, acts as a shunt across the coupling coil for 
these higher harmonics. Owing, however, to the some¬ 
what congested layout of the circuit at Leafield, there 


is fairly close proximity between portions of the primary 
and secondary circuits, with a possibility of stray 
coupling between these points. 

The ke 3 riug coils, on account of their proximity to 
the aerial coil, probably transferred the harmonics 
directly to the aerial coil without passing through the 
shunted coupling. The steps taken to reduce this 
effect were to shunt the ke 3 dng coils by placing a con¬ 
denser of 0*01 juF across them and by connecting this con¬ 
denser to earth through a condenser of 0*001 /iF, the 
object of which was to keep the harmonic potential of 
the ke 3 dng coils as low as possible. A small resistance 
was also placed in the key side of the coils for damping 
purposes. 

The condenser shunted across the arc wras next found 
to be a source of harmonics, as was proved by the great 
reduction of the series of harmonics when the condenser 
was removed. This condenser, however, performs too 
important a function in stabilizing the frequency and 
in increasing the current output to allow it to be 
removed. Various experiments in the nature of adding 
damping to this circuit were made and were found to 



Fig. 14,—Diagram giving position of condensers (shown 
dotted) for shunting hannonics. 


reduce the harmonics considerably, but these have not 
been adopted on account of the increase of mush. At 
Northolt, the extinction period being very short, the 
shxmt condenser has only a small effect in stabilizing 
the frequency, and the damped-shunt condenser circuit 
is in use. 

Damping circuits across the d.c. choke coils were also 
tried, but produced no improvement. 

It was now thought that direct radiation from the 
primary circuit was the cause of disturbance in the 
immediate vicinity of the station, and steps were 
taken to screen the building. This was found to 
cause a considerable improvement locally. 

By this time the only place which complained of 
disturbance on the broadcasting band was a town about 
6 miles from Leafield, although places not so far away 
were immune. The telephone circuit from this town 
to the station was suspected and it was found that 
the heterod 3 me oscillator before mentioned, when.held 
2 ft. away from the switchboard in the telephone 
exchange at the town, could pick up the harmonics 
from Leafield. Steps were taken to place air-core 
choke coils qf 2 000 jiiH inductance and 8 /^/iF self¬ 
capacity in the telephone and telegraph wires, and this 
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operation .has quite removed the trouble in the town 
concerned, which is now quite dear of harmonics on 
the broadcasting band of wave-lengths. 

It is rather curious how these high harmonics could 
get on to the telephone wires, because the circuits are 
in an underground cable for about a mile from the 
station. The cable sheath apparently carried har¬ 
monics, as the track of the cable across the field could 
be traced by walking across the route carrjdng the 
heterodyne oscillator. The choke coils were placed in 
the wires where they emerged from the cable and also 
at the point where they entered the adjacent town. 

Section 

Keying of the Coupled Arc. 

This is performed, as indicated in Fig. 14, by 
ke 3 dng in the primary circuit only. The difference in* 
frequency between spacing and marking is only 80 


cycles per sec., so that the amplitude of secondary 
current'*’is nearly the same in both cases. This ^con¬ 
stancy of amplitude avoids the considerable disturbance 
in the neighbourhood of the fundamental frequency 
which is present on systems employing a suppressed 
wave during spacing. 

The authors have not attempted to give a complete 
bibliography covering the subject, as fairly extensive 
lists have already been given by Pedersen ♦ and ElweU.f 
They desire to thank Colonel Purves, the Engineer- 
in-Chief of the Post OfBice, for permission to publhh 
the results of the experiments. They would also like 
to acknowledge the cordial co-operation and assistance 
of Mr. R. G. de Wardt, the engineer-in-charge of the 
Leafield station, who carried out many of the experi¬ 
mental tests and. in addition, specially devoted himself 
to the suppression of the residual harmonics. 

♦ P. 0. Pedersen : ** The Poulsen Arc and its Theory,’* PtoceeUngs of the 
Institute of Radio EngineerSf^l9l7, vol. 5, p. 256. 
t C. F. Elwell : “ The Poulsen Arc Generator.” 


Discussion before the Wireless Section, 1 April, 1926. 


Mr. G. F. Elwell: I am gratified to hear that the 
divided-wire inductance has been so successful and that 
the authors contemplate using divided wire in the 
variometer. It is interesting to know that a cheap 
form of insulation can be obtained by using ordinary 
dry wSitewood, though I question whether this would 
be useful where divided wire is employed, as the corona 
effect from the small wires would probably cause burning 
to start. The apparatus for observing fhe frequency is 
ingenious, and the results obtained are very interesting. 

I do not think it is at aU surprising that the condensers 
tend to stabilize the arc; that was the original object 
of putting a plain shunt condenser across the arc. The 
changes of frequency due to a variation in the quantity 
of methylated spirit fed to the arc are interesting. 
They rather point to the necessity for research along 
these lines, I should like the Post Office to try pure 
hydrogen, as it has many advantages. ^ 

Mr. R. V. Hansford : The average wireless engineer 
is apt to think that the arc is obsolete on account of the 
two great disadvantages which it possesses, viz. the 
emission of ** mush ** and the variatipn of frequency. 
By fitting a coupled circuit to the arc at Leafield and, 
by so doing, overcoming, to a very great extent, both 
those disadvantages, the authors have demonstrated 
quite successfully that the arc has been rescued from 
immediate obsolescence. I say " immediate because 
I believe that ultimately the valve must talre the first 
place. I do not think that there is much scope for the 
arc even now, except for aerial powers greater than 
100 kW. I was responsible, in association with Mr. 
Faulkner, for the experiments at Stonehaven and the 
installation of the coupled arc at Northolt to which the 
authors refer. An experience such as that enables 
one to appreciate to the full the nature of the success at 
Leafield, and it is a source of satisfaction to know that 
the conclusions arrived at from our small efforts on 
small- and medium-power arcs have been confirmed in 
the repetition on a larger and more difficult scale at the 
high-power station at Leafield, The. •coupled arc at 


Northolt was not put in as a preliminary to Leafield, 
but as an absolute necessity. When the installation 
was started up for the contractor's acceptance tests it 
created such a stir amongst receivers in London that it 
Was necessary to put a coupled circuit in before it could 
be used commercially. Messrs. DubOier kindly supplied 
a temporary high-power condenser at very short notice, 
and the coupled circuit was in use commercially wi^in 
a very few weeks. It seems to me that on two occasions 
in the paper the basis of the theory is given as an accepted 
fundamental principle which the average reader would 
not willingly accept without some explanation. In 
the early part of Section 2 the authors state: ** It is 
known from theoretical principles that the efficiency of 
a coupled circuit is greater as the ratio of increases." 

I do not know that I could accept such a generalization 
as it stands. Theoretical considerations have led me 
to believe that as regards the use of a coupled circuit 
with a valve transmitter, the efficiency under ideal 
conditions is independent of the ratio of in 

practice, of course, the smaller the condenser the 
larger is the inductance and the larger the correspond¬ 
ing resistance losses and also, as the authors point 
out, the larger the voltage on the condenser; so 
that, in practice at any rate, there is a tendency 
to make 0^0-^ as small as is reasonably possible, 
rather than large as suggested by the authors for an 
arc circuit. I can only conclude, therefore, that this 
expression in regard to efficiency applies to the arc 
in particular, and I think that point is worthy of a 
httle more elaboration and justification. In the early 
part of Section 3 the authors state: " It is well knowm 
in this case that the frequency generated will be such 
that the net impedance of the primary circuit is zero." 
As a statement of principle I t hink that needs a 
little justification. Immediately afterwards the authors 
equate the reactance to zero, and, although they say 
on the next page that they ’have neglected resistance, 
I am not sure if they intended the sentence to read 
" net reactance " or " net impedance." Personally I 
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do not think that either statement would be strictly 
accifrate. 

Commander F. G. Loring : Although I have had 
nothing to do with the design of the Leafield station, I 
have had much to do with the results obtained, and 
they show, as I know from reports received, that an 
immense advance has been made during the past few 
years. Engineers in all parts of the world are interested 
in this I/eafield experiment. I have been greatly struck 
by the amount of work involved in obtaining these 
results, not only as regards the maintenance of constant 
frequency in long-distance communication but also as 
regards the elimination of " mush ** and harmonics. On 
the broadcasting band we used to receive a very large 
number of complaints. The complaints have not 
ceased, because a considerable body of listeners-in still 
blame Leafield and Northolt for any trouble that 
occurs in the broadcasting band. I am convinced, 
however, that those complaints are not now justified. 

Mr. R. E. H. Carpenter: I should like to ask the 
authors their opinion as to the possible usefulness of a 



method of coupling which is not referred to in the paper, 
and which I can explain more readily in diagrammatic 
form (see Fig. A). If a choke of small self- 
capacity and high reactance were connected in the 
manner shown, it should give the desired advantage as 
regards the passage to the aerial circuit of the* funda¬ 
mental frequency, with increasing impedance for the 
harmonics. It is conceivable that that might form a 
cheap and convenient way of effecting the desired type 
of coupling. The three coils could be conveniently at 
right angles. 

Mr. A. C, Warren : I should like to identify myself 
with Mr. Hansford's remarks on the efficiency of coupled 
circuits. I presume that in their statement on page 698 
the authors intended to refer to the overall efficiency of 
the coupled arc, in which case the evidence is experi¬ 
mental rather than theoretical. Experiments at North¬ 
olt showed that the efficiency increased with the ratio 
C^g/Oi, as indicated in Table A. 

In Section 6 the authors state that the frequency- 
changes due to circuit variations are halved by the use 
of the coupled circuit. At Leafield, under the working 
conditions the primary and secondary currents and 
circuit constants are approximately equal. Further, 
the second term in the equation for determining the 
frequency (page 703) may be rewritten 
thus it^seems to me that the compensation which occurs 
actually balances the variation, since is approxi- 


Table a. 


Method of working 

CdOx 

Efficiency 

Coupled circuit 

0-7 

per cent 

26 

Coupled circuit 

1-4 

28 

Coupled circuit 

2-65 

39 

Plain aerial 


34 


mately unity for small circuit variations. This would 
i account for the exceptional constancy of frequency 
j obtained at Leafield. 

! . Dr. W. H. Eccles: It would be very interesting if the 
! authors would explain, briefly and in simple language, 
why an arc will maintain a coupled circuit in only one 
frequency. A coupled circuit has two natural frequen¬ 
cies and will, when sparked, give two wave-lengths 
simultaneously. If, however, it is put on an arc circuit, 
it will be excited in only one of these frequencies. Why 
is only one frequency excited by an arc at a time, and 
why does the arc sometimes prefer the shorter and some¬ 
times the longer of the two wave-lengths ? The mathe¬ 
matical explanations have, of course, been published; 
what I should like to hear is a physical one, 

Mr. R. G. de Wardt {communicated) : The coupled 
circuit at Leafield has now been in use for over 12 
months, and testimony to the excellence of the design 
is given by the fact that although Leafield transmits on 
an average for 18 to 20 hours a day, on only one occasion 
has it been necessary to revert to plain aerial working. 
This was a few days after the coupled circuit had been 
brought into use and before the intricacies of tuning 
had been fully mastered, and was then only necessary 
to avoid delay in a transmission. The condenser design 
is the most novel feature of the circuit, and it will be of 
interest to members of this Institution to know that 
during tuning tests three of these condensers were 
operated at a potential of 90 000 volts at a frequency of 
26 000 cycles per sec. for over an hour without any 
difficulty being experienced. A point which the authors 
do not mention is the sharpness of the emitted wave, I 
have received correspondence from all over the world 
relative to Leafield's transmissions, and the majority 
of the writers comment on the sharpness of the tuning. 
Leafield's 12 360-m wave is perhaps unfortunately 
situated in that it is close to the wave-lengths of several 
of the American high-power stations, together with 
Nauen and Stavanger, so that sharpness of the emitted 
wave is of importance. A correspondingly high degree 
of selectivity on the part of the receivers used to receive 
Leafield's signals is of course necessary if full advantage 
of this feature is to be taken. The constancy of the 
wave-length is, as the authors point out, a very important 
point, and an interesting commentary on this was 
furnished by the engineer in charge of the American 
station with which Leafield works traffic. He stated 
that the note of our signals gradually changed during a 
long transmission. Careful checks failed to find any 
drift in the frequency of the emitted wave, and this 
change in note appears to be due to the variation in 
heterodyne nofq of the receiver due to variation in 
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filament brilliancy, Witli regard to the elimination of 
mush on the broadcasting band in the near vicinity of 
the station, the screen over the building containing the 
arc tr^smitter and the primary and secondary circuits 
has, without doubt, been the most effective method of 
prevention. This screen only affected local listeners 
and had no effect on the mush in London, for example. 
Before this was adopted, the experiment of earthing 
the aerial at the lead-in, and energizing the primary 
circuit with full normal current, was tried. No difference 
in mush could be noticed at a distance of 2 miles. Fears 
were expressed that such a screen would cause heavy 
losses, but no appreciable difference can be noticed. 
Care was taken when erecting the screen in so selecting 
the earthing points that no one wire carried an abnormal 
current. This screen, which has now been up for some 
months, appears to be less effective than when first 
erected, probably owing to the fact that only dry joints 
were used, the screen being of an experimental nature. 
It is now being replaced by a permanent arrangement 
in which all joints will be soldered. 

Major A. G. Lee and Mr. A. J. Gill (m reply ): Mr. 
Elwell raises the question of the use of American white- 
wood as insulation for coils composed of divided wire. 
We have so far observed no trouble from corona, but 
in any case steps are ordinarily taken to design the 
coil to run below the corona limit. We agree with 
Mr. El-yell on the advantages of the use of pure hydrogen, 
and it is proposed to try it when a suitable opportunity 
occurs. 

Mr. Hansford and Mr. Warren both suggest that the 
statement in regard to the dependence of the efficiency 
upon the ratio 0^0-^ is not based on theoretical principles. 
They may perhaps be referred to the paper by Chaffee * 
on the amplitude relations in coupled circuits. He 
found that the ratio of for both higher and lower 

frequency oscillations, was proportional to 
and we have verified this relationship to hold for -the 
undamped free oscillations of the arc circuit. This 
amplitude ra-tio is unaffected by tlae resistance of the 
circuits unless the resistance is very large. The 
maximum circuit eJB&ciency, apart from other considera¬ 
tions, is obtained by increasing the ratio of IJI-i as 
much as possible, because resistance losses in the primary 
represent pure waste. As has been pointed out in 
the paper, voltage limitation in the condenser design 
is the principal determining factor in this direction. 
Mr. Warren’s experimental results are of interest in 
corroborating the theoretical relationship. 

Mr. Hansford also suggests a confusion between the 
terms ** impedance ** and reactance ” in connection with 
the remarks on the frequencies generated by the coupled 
circuit, and disputes the axiomatic nature of the principle 
that the frequency generated will be such that the 
net impedance of the primary circuit is zero.” This is 
such an old well-accepted principle that it is somewhat 
surprising to find it challenged at this date. The 
theorem has been well expounded by Kennelly f iii 
a very interesting paper published in 1916, though, 

♦ E. L. Chapfsb : " Amplitude Relations in Coupled Circuits,” Proaedings 
of the InstUuU.of Radio Engineers, 1916, vol. 4, p. 283, 

t A. E. Kennblly: “The Impedances, Angular Velocities and Frequwiaes 
of Oscillating Current Circuits,” Proceedings of the InstUuPit of Radio Engineers, 
193 6, vol. 4, p. 47. 

VOL. 63. 


as was pointed out in the discussion on Kennejly’s 
paper, the theorem was in use by Heaviside and Perry. 
From a physical point of view the statement is fairly 
obvious, because there is no ph 3 rsical alternating E.M.F. 
to drive the oscillating current which actually exists. 
As the sum of the alternating voltages round the 
circuit is zero, the net impedance must also be zero. 
The angular velocity of the oscillation will be such as 
to bring about this condition. It should be mentioned 
that the discontinuity in the arc cycle introduces an 
unknown factor into the question of frequency, which 
cannot be taken into account mathematically. The 
use of reactances, instead of impedances, in the equations 
in the paper is the usual approximate method of 
determining the frequency, and inasmuch as the negative 
resistance of the arc balances the positive resistance 
of the circuit, when taken over a complete cycle, the 
result is sufficiently accurate. The discontinui-ty in 
the arc cycle prevents the complete mathema-tical 
expression of the resistances (including negative resis¬ 
tance) in the circuit. 

Mr. Carpenter’s suggested coupling is interesting, 
and it is thought that -the choke feed to the secondary 
circuit would be effective in reducing -the -transmission 
of harmonics. Without an actual trial it would be 
difficult to say whe-ther it would work smoothly. In 
the type of oscillation the choke would carry only 
a few amperes, whilst in the /2 oscillation it would have 
the full antenna current flowing through it, which 
would give rise to peculiar effects in regard to the tune 
of the circuit. 

Mr. Warren suggests an explanation for -the con¬ 
stancy of frequency at Leafield. As was pointed out 
above, I^Ii is proportional to ^(^ 2 /^ 2 )* hence it follows 
that the current ratio cannot remain constant for small 
circuit variations as suggested. 

Mr. de Wardt’s remarks on the screening of the 
building emphasize the necessity for preventing the 
primary circuit from emitting disturbances which will 
affect points in tlie near vicinity of the wireless station. 
It may be of interest to mention that recently at Northolt 
the same problem has been met in another way. The 
primary coil had a large number of spare turns which 
have been short-circuited by a condenser which tunes 
them to a point above the broadcasting band. Any 
harmonic current in the primary on the broadcasting 
band -wiU then induce in the short-circuited turns har¬ 
monic current wliich is 180® out of phase -with -the 
harmonic current in the primary, thus producing a 
counter magnetic field, which for points outside the 
station cancels out the main field due to the primary. 
The condition for cancellation is -that the harmonic 
ampere--turns in the short-circuit coil must equal the 
harmonic ampere-turns in the primary coil. 

The ques-tion raised by Dr. Eccles is a difficult one 
to answer satisfactorily, because the answer is not 
capable of comuncing proof. In -the first place, as already 
suggested in -the paper, -the coupled arc appears to be 
capable of performing on only one frequency at a time, 
because of the effect of the discontinuity in the arc 
cycle. It is, perhaps, not generally realized -that a 
system of two ordinary coupled circuits can be^made 
to osciUate on only one frequency, by suitable arrange- 
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men^s of the initial charges in the circuit (the experi¬ 
ment is easily demonstrated with two coupled pendu¬ 
lums). Such a system of oscillation is perfectly stable 
in the absence of any disturbing force. It would, how¬ 
ever, be expected that such disturbing forces might 
be present in an arc circuit, but this is where the effect 
of the discontinuity in the arc cycle is felt. If we 
assume one t 5 ;pe of oscillation to have been built up 
and then we introduce a- disturbance which tends to 
set up the other type of oscillation, it is thought that 
the gap, in the arc cycle—during which there is no current 
through the arc—^would tend to choke out the building- 
up process of the second type of oscillation. A similar 
phenomenon is present in coupled-valve oscillation 
circuits, in which a heavy negative bias on the grid 
prevents more than one t 5 ^e of oscillation being main¬ 
tained, the oscillation with the lower amplitude under the 
particular circuit conditions being eliminated. At the 
isochronous position it is found that the arc invariably 
comes up on the lower-frequency side. When the tuning 


is carried beyond the isochronous position, in the high- 
frequency direction, but below the point where the 
frequency discontinuity appears, and the arc is started 
up, the lower frequency is generated in about 76 per 
cent of the times, while in 25 per cent the arc comes 
up on the higher-frequency oscillation, which frequently 
reverts to the low side after running for a short time. 
These facts are difficult to explain; they seem to hold 
only for the inductive type of coupling and may 
even be individual to the particular circuit layout 
employed. 

Mr. Hansford refers to the arc as having been 
rescued from immediate obsolescence. This is, however, 
a question of economics. The arc and valve are now 
on a par in regard to technical performance, except 
for the lower power efficiency of the arc. The future 
will therefore decide upon the relative running costs 
of the valve station, with its expensive maintenance, 
and the arc station with its low maintenance charges 
but higher power costs. 
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DISCUSSION ON 

“ SOME ACOUSTIC EXPERIMENTS WITH TELEPHONE RECEIVERS.” * 


Mr. M. D. Hart (communicated) : I should like to 
express my appreciation of the authors* method, given 
in Part I of the paper, for determining the natural 
frequency of a telephone diaphragm, but I wish to join 
issue with them on the subject of their measurement of 
** overall acoustical-electrical efficiency.** From the 
figures given in Table 10 it would appear that the 
energy flux of the sounds which were used was as great 
as 22*48 ergs per cm^ per second, and the measurement 
of these figures is based on the validity of the adiabatic 
law at the amplitudes encountered. I would point out 
that Itayleigh*s figure for the amplitude of a just- 
audible sound of frequency 256 periods per sec. is 
1*27 X lO**"’ cm,t and from this figure the correspond¬ 
ing energy flux may be calculated as 8*6 X ergs 

per cm* per second, using the expression \pn?a^c for 
the energy flux.f Thus it seems that the energy flux 
of the sounds dealt with in the paper were of the order 
of tens of millions of times as great as that of the 
minimum audible sound, and the application of the 
adiabatic law, on the assumption of the correctness of 
which the authors* calculations are based, to such 
amplitudes is very improbable. Further, it has been 
shown § that, in the case of sounds of frequency 100, 
an energy flux of about 16 X lO"'^ ergs per cm* per 
second involves quite an appreciable value of what is 
called the ** degradation coefficient,** showing tliat even 
for these amplitudes, which correspond to a fairly loud 
sound, the divergence from the adiabatic law may not 
be neglected. Moreover, it is shown in the last-men¬ 
tioned paper tliat, when the values of the degradation 
coefficient are of the order of those investigated therein, 
a large fraction of the sound energy emitted from the 
source is degraded into heat in the atmosphere through 
which the sound passes, so that a measurement of 
efficiency based upon energy readings taken at an 
arbitrary distance from the source do6s not represent 
the true ** acoustical-electrical ** efficiency of the latter. 
To sum up: the values for the energy flux quoted in 
the paper are so enormous that the validity of the 
adiabatic law on which their calculation is based is very 
questionable and, even if they be correct, the figure 
given for the efficiency of the receiver does not truly 
represent that quantity and should be qualified by the 
distance from it at which the observations were taken 
in any particular case. 

Dr. E. T. Paris (communicated ): Experiments of the 
kind described in the paper are of great interest and 
importance to those concerned with acoustical measure¬ 
ments, and it is satisfactory to learn that a direct 
measurement of the acoustical-electrical efficiency of a 

' ♦ Paper by Prof. E. Mallett and Dr. G. F, Dutton (see page 502). 

t Cf. Lord Rayi.ei»^h : “ Theory of Sound,” 1800, vol. 2, p. 439, 

i Cf. HoiiACK Lamb : “ The Dynamical Theory of Sound,1010, p. 1C7. 

I M, D. Hart • ** On the Degradation of Acoustical Jinerg}',” Proceedings 
of the Roycd Society, A, 1924, vol. 105, p. 82. 


telephone receiver can be made with, apparently, so 
little difficulty. In connection with these efficiency 
measurements, however, there is one point to which 
I think more attention should be paid. The method 
of measuring the acoustical energy flux described in the 
paper depends on the correctness of the equation given 
on page 612 for the particle velocity in a spherical 
sound-wave, and the experimental verification of this 
equation might well be extended in view of the fact 
that recent experiments have led us to expect an 
appreciable degradation of sound-energy in the neigh¬ 
bourhood of sources of quite moderate output. In 
view of my own experience with sound-absorbing 
materials, I was at first rather surprised to see that 
the 4 inches of cotton waste used by the authors to 
line the sound-chamber in which the experiments were 
performed was so effective as ** to prevent any trouble 
from reflected waves.** We have, at the Signals Experi¬ 
mental Establishment, Woolwich, apparatus by means 
of which the sound absorption-coefficient of any material 
can be readily measured, and it was thought that some 
observations on a 4-inch layer of loosely packed cotton 
waste, as used in the experiments, might be of interest 
to the authors. The result showed that this substance 
has a very high absorption coefficient, two measurements 
with sound of frequency 612 vibrations per second 
giving the values 0*92 and 0*91 respectively, the layer 
of cotton waste being backed by three layers of five-ply 
wood glued together. This means that over 90 per cent 
of the incident sound-energy is “ absorbed ** (i.e. not 
reflected), so that a surface which is covered with this 
material approximates to one which is acoustically 
‘'black.’** The method employed for measuring the 
absorption-coefficient was the^ “stationary-wave** 

method, in which use is made* of the interference 
phenomena occurring between the incident sound-wave 
and that reflected from the specimen under test. 
Altliough over 90 per cent of the incident sound-energy 
was absorbed by the cotton waste, these interference 
phenomena were still quite well marked, and gave rise 
to positions of maximum and minimum pressure- 
variation in front of tlie specimen, such that the ampli¬ 
tude at a maximum was about 1*8 times that at a 
minimum. The experiments showing the effect of an 
air cavity on the frequency of a telephone diaphragm 
are especially interesting. It seems that it noight be 
possible to employ the observed change in the funda¬ 
mental frequency of a diaphragm due to an air cavity 
of known volume for the purpose of calculating the 
equivalent mass of the diaphragm. If the diaphragm 
is supposed to be replaced by a simple piston-like 
vibrator of mass m controlled by a mass-less spring 
of stiffness 8, the calculation of the additional stiffness 8' 
in terms of the volume of the air cavity and the area 
and mass of the piston docs not appe^ to present any 
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spedlal difficulty, and it would be interesting to 'see how 
the equivalent mass determined in this way compares 
with that found by other means, such as loading the 
diaphragm, or the alternative method described by 
Kennelly in Electrical Vibration Instruments,** Chaf)- 
ter 10. The double-resonance phenomena observed 
when the air cavity is extended into a long tube 
(Table 5 and Fig. 12, p. 610) recall the effects observed 
with certain acoustical double resonators, the theory 
of which has been dealt with by the writer.* By an 
extension of the method employed in the papers referred 
to, an equation can be derived from which the resonance 
frequencies of a simple tube and diaphragm combination 
could be worked out, provided that we know the equiva¬ 
lent mass and area of the diaphragm. For a tube of 
length L and cross-sectional area aj, closed at one end 
by a rigid plate and at the other by a diaphragm of 
equivalent mass m and area the resonance frequencies 
are those values of / which satisfy the equation 


cot 


27TfL 
a . 


_ // 


where is the resonance frequency of the diaphragm, 
a is the velocity of sound, and p is the density of air. 
This equation should be applicable, provided cr^ is equal 
to or less than In the actual experiment described 
by the authors, the cross-sectional area of the tube was 
considerably less than the area of tlie diaphragm, i.e. 
o '2 > cr^. In this case there is of necessity a widening 
of the tube at the diaphragm end and the matter is 
not so simple. I do not think that the combination 
can then be treated as a coupled system with only two 
components. The extra volume of air in the wider part 
of the tube will give rise to a third component, equivalent 
to a Helmholtz resonator interposed between the 
straight tube and the diaphragm. The combination is 
then straight tube—Helniholtz resonator—diaphragm, the 
end of the straight ‘ tube forming the neck, and the 
diaphragm part of the wall, of the Helmholtz resonator. 
If the combination is treated as a system with two 
components only (tube and diaphragm), and four times 
the length of the tube is taken as the wave-length 
appropriate to the tube component, we get the rather 
curious result that o ie of the resonance frequencies of 
the coupled systeni sometimes lies between the fre¬ 
quencies of the two components (see Table 6, p. 510, 
tube lengths 14*7 and 19*9 cm). The resonator and 
telephone combination shown in Fig. 14 should also 
.show double-resonance phenomena. The arrangement 
is analogous to the Boys resonator,** the theory of 
which has been developed by the writer in the papers 
quoted above. The Boys resonator consists of a tube 
open at one end and leading at the other through a 
short neck into a Helmholtz resonator. The resonance 
frequencies of the Boys resonator are given by values 
of f which satisfy the equation 


tan 


27jfL 




4i 

f' 


L being the length and Cj the cross-sectional area of 
the tube, while c is the hydrodynamical conductance 


of the neck of the Helmholtz resonator and /q is its 
frequency. The Helmholtz resonator is equivalent to 
a simple vibrator of mass m, approximately equal to 
the mass of air in the neck. If the cross-sectional area 
of the neck is and its length is Z, this mass is pcr^. 
Also, since the conductance c is approximately equal 
to 0 * 2 /^, we have c = cr^fl = poyrn. Substituting this 
value of c in the frequency equation, we obtain 


tan 


27r/L 

a 


f) 


and this will be the equation for determining the 
resonance frequencies of a double resonator made from 
a tube of length L and cross-sectional area 0 * 1 , closed 
at one end by a diaphragm of equivalent mass wi, area 0*2 
and frequency f^. This equation can, of course, be 
obtained quite independently of the theory of the Boys 
resonator, but the process is longer. 

Prof, E. Mallett and Dr. G. F. Dutton (in reply) : 
With regard to the degradation of acoustical energy ** 



and the applicability of the usual theory involving the 
adiabatic law, the authors* experiments do not confirm 
the results arrived at by Mr. Hart in his paper. The 
energy fluxes used in their experiments were very much 
greater than those used by Mr. Hart, and yet there 
was no indication of any " degradation.** Table 7, 
for instance, shows that the variation of sound pressure 
and particle velocity at a frequency of 694 witii radial 
distance from the equivalent source to be very closely 
in agreement with the usual theory, and Figs. 18 and 18 (a) 
give a similar result for a frequency of 439'. These 
are not isolated results. Many other determinations 
agreed equally well. Two, at frequencies of 960 and 
690, are illustrated in Fig, A. In all these cases the 
relation between 

and the ^articfo, velocity is seen to be represented by 
a straight line passing through the origin; whereas if 
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there were " degradation ” of the order found by Mr. 
Hart the curves would be quite noticeably concave 
towards the abscissa. Again, Fig. 15 shows the relation 
between the exciting current of the telephone in the 
resonating tube and the particle velocity a few centi¬ 
metres in front of the mouth. The fact that this is 
a straight line also indicates that up to a particle velocity 
of 4 cm per sec. at any rate there is no " degradation.'’ 
For if any appreciable loss—increasing with amplitude— 
were taking place, either in the stationary wave within 
the tube or in the progressive wave outside, the rate of 
increase of particle velocity with exciting current would 
decrease as the latter was increased, and the curve 
would be concave towards the abscissa. Further, the 
various resonance curves of the telephone diaphragm 
taken by the Rayleigh disc would all have shown a 
flattening had marked losses been taking place in the 



sound wave, and such distortion would have been 
brought to light by the circle and straight-line con¬ 
struction. It appears, therefore, that at fluxes con¬ 
siderably greater than those used in the receiver efficiency 
determinations, and very considerably greater than 
those used by Mr. ITart, any “ degradation ” effect is 
negligibly small. 

The measurements made by Dr. Paris on the sound¬ 
absorbing properties of cotton waste are very interesting 
and justify the authors’ choice of this material for a 
lining for their sound chambers. The statement that 
no trouble was experienced from reflected waves refers 
of course to the measurements made, all within, say, 
10 cm from the source of sound. In Ijig. B, A repre¬ 
sents the source of sound, xij the axis along which 
measurements were taken and CB the end wall of the 
box. Assume that the whole of the energy falls on CB, 


area 10 000 cm^, and is reflected as a plane wave,^and 
that measurements are being made 10 cm from A. 
Then taking Dr, Paris’s figure of 91 per cent absorption 
the ratio of the reflected energy flux per cm^ at A to 
the direct energy flux is (2^^/10 000) x 0*09, or less 
than 0*6 per cent. When the distance from the source 
is 4 cm, as in the efficiency measurements, the ratio is 
0*1 per cent. Actually, of course, the whole of the 
wave is not reflected direct from the end wall, but 
much of it strikes the other walls before reaching the 
area where measurements are being made, and at each 
reflection a further 91 per cent of the remaining energy 
is lost. The whole effect of reflection can therefore be 
neglected in the absence of resonance effects and stand¬ 
ing waves, which at particular frequencies may give 
a little trouble. But even this may be avoided by a 
suitable choice of the positions of the apparatus within 
the box. 

The authors did attempt to use the alteration of 
resonant frequency with alteration of cavity volume as 
a means of finding the equivalent mass. The problem 
reduces itself to finding the constant A in the equation 

/n ~ " 7 ^/—h — r at the top of page 508. For the 
^ 47T^l.m vmJ 

slope of the curve of Fig. 9 is AI{4:'TT^m) and, if A is 
known, the equivalent mass m is found at once. Doubt¬ 
less A could be determined mathematically, but then it 
would be necessary to assume that the diaphragm was 
vibrating according to the Bessel function theory. 
Or it might be determined from a static test, from 
measurements of the deflection at the centre with a 
given air pressure, but this would not be so simple as 
Kennelly’s method of measuring the vibration amplitude 
at the centre at resonance. 

Dr. Paris’s remarks regarding the double-resonance 
curves are very interesting, and should help consider¬ 
ably towards a complete understanding of this compli¬ 
cated phenomenon. One of the objects of this series 
of experiments was to show that a diaphragm vibrating 
in any«other mode than the fundamental was not 
coupled with the tube, and this was successfully demon¬ 
strated. That there actually are three members of 
the system, viz. diaphragm, cavity and tube, is clear, 
but the cavity is so far from its resonance that it can 
possibly be taken as merely modifying either or both 
of the other members, reducing tlie system in effect to 
one of two components. 
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43rd meeting of THE WIRELESS SECTION, 4 FEBRUARY, 1925. 
(Held in the Institution Lecture Theatre.) 


Mr. E, H. Shaughnessy, Chairman of the 

Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 7th January, 1926, were taken as read and 
were confirmed and signed. 

A paper by Messrs. L. B. Turner, Member, and 


F. P. Best, Student, entitled The Optimum Damping 
in the Auditive Reception of Wireless Telegraph 
Signals (see page 493), was read and discussed. 

On the motion of the Chairman a hearty vote of 
thanks was accorded to the authors, and the meeting 
terminated at 7.22 p.m. 


726th ORDINARY MEETING, 6 FEBRUARY, 1926. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m., and announced, that since the last meeting 
the Institution had lost two distinguished members, 
Mr. C. H. Wbrdingham, C.B.E., Past-President, and 
Mr. Oliver Heaviside, F.R.S., Honorary Member and 
Faraday Medallist. Votes of condolence with the 
families of the deceased were carried, the members 
standing in silence. 

The minutes of the Ordinary Meeting of the 
22nd January, 1925, were taken as read and were 
confirmed and signed. 

A list of candidates for election and transfer appi*oved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 
page 237) was also taken as read and the thanks of 
the meeting were accorded to the donors. 

The President announced the presentation by 
Colonel R. K. Morcom of a statuette of the late Sir 
Joseph Wilson Swan, President of the Institv.tion in 
1898, and asked Dr, Ferranti to make a few remarks 
regarding the work of Sir Joseph Swan in connection 
with the development of electricity. 

Dr. S. Z. de Ferranti : There are not so many 
now who were personally acquainted with Sir Joseph 
Swan. I had the privilege of discussing with him 
many things which interested him particularly, and 
especially the question of electric lighting, and 1 think 
that perhaps it is owing to this acquaintanceship— 
indeed, this friendship—^that I have been asked to 
speak. I cannot, however, say anything adequate to 
the occasion, because to give in a few minutes a 
description of the work done by this great inventor 
would be out of the question. I should, however, like 
to remind the members that it is owing to him that 
we have electric lighting as we know it, and upon his 
work the present electrical industry has been built up, 
because the first of these heavy electrical engineer¬ 
ing sections was electric lighting. Electric power, 
tramways, heating, and electro-metallurgy, have all 
followed on the electric light work which, as I say, 
commenced this great new development. Swan was 
seeking a means^of producing electric light dther than 


the arc lamp, and eventually succeeded in malcing the 
incandescent elective lamp very much as we know it 
to-day. The inventions of Edison have often been 
mentioned in this connection, but it is clear that Swan, 
quite independently, invented for all practical purposes 
the incandescent electric lamp, maybe at the same 
time as, or maybe sooner than, Edison. He was a 
wonderful inventor. He gathered together alUknown 
information on a subject and laboriously worked at it 
until he had got the idea into a shape in which it was 
useful. His idea of squirting incandescent lamp fila¬ 
ments was really the basis of what is becoming an 
important industry—the making of artificial silk. He 
did not pursue it to its full length of application to the 
silk industry, but nevertheless his original work made 
tills further development possible. The statuette which 
has been offered to the Institution by Colonel Morcom 
is the work of Sir Joseph Swan's daughter, Mrs. 
Morcom, and I feel that if only Sir Joseph could have 
seen what has eventuated he would have been very 
dehghted. 

After some brief remarks by Colonel R. K. Morcom, 
the statuette was formally accepted by the President 
on behalf of the institution. 

Dr. J. H. Jeans, M.A., LL.D., Secretary of the 
Royal Society, then delivered the Sixteenth Kelvin 
Lecture entitled " Electrical Forces and Quanta" 
(see page 483). 

Sir Oliver Lodge: Before proposing a vote of 
thanlcs to Mr. Jeans for his interesting lecture, I should 
like to take this opportunity of thanldng the Council 
for the signal honour that they have done me this 
year in electing me an Honorary Member of the Insti¬ 
tution. I appreciate it very much, because I have no 
claim to be called an engineer. I do not know that 
Mr. Jeans has been as revolutionary as I half expected 
him to be. He seems to disbelieve in an ether; but 
if he only means that he disbelieves in two ethers I 
agree wilii him. I say that we must have one; he is 
satisfied with none because he is a mathematician and 
can proceed and calculate without reference to it. I 
venture to sa/'^that the theories of relativity and of 
quanta do not explain—and do not really pretend to 
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explain—but they express the facts of nature in a 
wonderful manner, and I fully accept them as methods. 
Wlien Mr. Jeans objects to the ether, he means, I 
venture to say, the old dynamic ether—the ether of 
Lord Kelvin. He, and Fitzgerald and others of the 
last century, were always trying to make a model of 
the ether, or, in other words, to explain or express 
the ether in terms of matter; and I think with Mr. 
Jeans that it cannot be done. We need not be sur¬ 
prised at this, for of the two things, ether and matter, 
ether is the more fundamental. One cannot explain 
the more fundamental in terms of the derived; and 
we know tliat matter is a derived thing. It is made 
up of electric charges, and therefore—doubtless, I say 
—made up of ether. Very well, one must explain 
electricity and matter in terms of ether, and start 
fundamentally; but we know too little about it. I 
hope, myself, that the ether will finally be explained 
hydro-dynamically—by some particular land of circu¬ 
latory motion. Such an explanation may be called 
dynamical in a sense, but one cannot exactly apply 
the ordinary methods. Meanwhile, for mathematical 
purposes, the ether can be ignored. Ignoring a thing 
does not put it out of existence. Those equations on 
the board—^the whole of the relativity theory—^never 
mention tlie ether at all; and they need not do so, 
of course. But when proceeding from equations to 
things**themselves, to reality—whatever people mean 
by reality, it is a diilicult term to define—^then the 
ether— an- ether—^is necessary. 1 believe Einstein 
thinks so; and Eddington has told me that he thinks 
so. 1 am not at all sure what Mr. Jeans thinks, but 
he has a very gi*eat right to any opinion that he forms, 
because I yield to no one in admiration of his extra¬ 


ordinary mathematical powers. What he told US in 
the first part of the lecture was a masterly exposition 
of the essential points; his identification of Lord 
Kelvin’s two overshadowing " clouds ” is most inter¬ 
esting, and all he has said is instructive. The per¬ 
manence of the universe, and the fact that it has 
lasted more than a millionth of a second, or a 
million seconds, does seem to depend on the facts 
which the theory of quanta strives to express. The 
connection betw'een radiation energy and frequency 
is a great discovery, and a surprising one to me. 
It is not at all surprising that frequency remains 
constant;—^we are familiar with that in the case of 
sound; sound travels from a concert room through 
wood or any sort of material, the wave-length changes 
enormously, but the pitch is preserved and the concert 
is just as good ;—but that the electron-expelling energy 
is preserved is wonderful. Apparent continuity arising 
out of discontinuity is common: the pressure of the 
air appears to be quite continuous—the barometer 
shows this—^but it is really due to a bombardment of 
separate partiHes. Our senses do not appreciate 
minutiae, atomic minutiae; and now that we are 
penetrating .into the interior of the atom, we find 
things that we had not expected. W’e find the quantum 
active in the connection between ether and matter, 
and there is still a great deal to discover about that. 
I beg to propose that a hearty vote of thanks be 
accorded to Mr. Jeans for his extremely interesting 
lecture. 

The resolution, after being seconded by Dr. A. 
Russell, F.R,S., was put to tlie meeting by the 
President and carried unanimously. 

The meeting terminated at 7.30 p.m. 


726th ordinary MEETING, 19 FEBRUARY, 1925. 


(Held in the Institution Lecture Theatre.) 


Mr. W- B, Woodhouse, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
5th February, 1925, were taken as read and were con¬ 
firmed and signed. 

Messrs. J. N. Robertson and H. Tomlinson Lee 
were appointed scrutineers of the ballot for the election 
and transfer of members, and, at the end of the 
meeting, the result of the ballot was declared as 
follows;— 

Elections, 


Associate Members, 

Crivelli,. Rene Gabriel, Loveridge, Qaude Warren, 
M.E.E. B.A. 

Dunham, David, B.Sc, (Eng.) Sparkes, Thomas. 


Graduates, 


Barkwith, Joseph William 
B. 

Barry, Gerald Noel F. 
Berry, Ed^ar. 

Cullinan, Reginald. 


Everett, Reginald Edgar. 
Gardner, Ernest John. 
Henn, Stanley Thomas. 
Hortop, Ceeil Lawrence. 
Ince, Thomas Henry. 


Graduates —continued. 

Macdonald, James Wright. Troup, George. 

Murphy, John. Tubb, Burton Henry J. 

Rao, N. Srinivas. Watson, Gerald Victor. 

Webster, Harold. 


Students, 


Aitken, Thomas Archibald, 
B.Sc. 

Allaway, Lionel George. 
Bancroft, George Denton. 
Baveja, Pran Nath. 

Bayne, Alec Edward. 
Bennett, James. 

Black, Richard Henry. 
Bone, Ronald Scoble. 
Brown, James Duncan, 
B.A, 

Buckingham, Donald. 
Carlton, Cyril Gordon. 
Chaplin, Stephen. 


Chilton, George William. 
Clarke, Harold. 

Cobbold, Robert James. 
Cocks, Sidney Herbert. 
Crombleholme, Frederick. 
Cunningham, Alastair 
Andrew. 

Desai, Maganbhai Vaghji- 
bhai. 

Donegan’, Jeremiah. 
Dowsett, Harry Lytdeton. 
Drummond, John Fleming. 
Dunn, Philip Rylan3. 
Evans, Moses. 
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Students —contintied. 


Transfers. 


Farmer, Frank. 

Fonracre, Victor William 
M.. 

Ganly, Richard Ernest. 
Gardner, Frank Joseph. 
Glenn, Hugh. 

Gray, John. 

Guthrie, James Robert. 
Haggart, Andrew. 

Harris, Richard Norman. 
Hockney, Thomas Regi-, 
nald. 

Hodge, Archibald Greig. 
Holder, John Eric D. 
Hoskin, Frank. 

Hutchison, Eustace 
Neville. 

Johnson, Kenneth Cor- 
bridge. 

KeUas, James Macnicol. 
Landale, Stenard Ernest A. 
Lawrence, Walter Francis 
C. 

Lawrence, Cecil Frederick. 
Lyons, Douglas Arthur. 
McGreevy, Thomas. 
Mackay, Victor Peterson. 
Marryat, John, 

Viant, Jo 


Meeke, James Denis. 
Mepsted, Maurice Eustace. 
Millward, Gerald Richard. 
Myers, Clifford. 

Myers, Leonard Morris. 
Murdoch, Matthew Weir H, 
Nunn, Richard Trevett. 
Pad wick, Henry Francis J. 
Parsonage, John Frank. 
Patmore, Sydney John. 
Peel, George Neville. 

Pike, Ralph Charles. 

Reed, Edward James. 
Rennie, Douglas Ogilvie. 
Roebuck, Ronald. 

Sandy, Vivian John S. 
Simpson, Alexander 
Victor. 

Sm 3 rth, Vere Stainer W. 
Stewart, Charles Eric. 
Stewart, DSnald Amott. 
Stirrup, Reginald Brade C. 
Swift, Edgar. . 

Tanner, Ernest Basil T. 
Taylor, Arthur Harold. 
Thomas, Eugene Royston. 
Tracey, William Thomas, 
Upton, Robert Hildyard. 
n Robert. 


Associate Member to Member. 

Amberton, Richard. Lee, John Andrew. 

Collins, Albert, B.Sc.(Eng.). Maxwell, Kenneth Graeme, 
East, Alan Neville. Lieut.-Col., M.C. 

James, William Henry N. * Phillips, Charles Francis. 

Graduate to Associate Member. 

Brierley, Herbert. Jamieson, James, B.Sc. 


Student to Graduate. 


Allsop, George, M.Eng. 
Barrand, Percy Christian. 
Base, George Cecil. 
Bridgeman, Wilfrid Robert 
O. 

Brough, Leonard George. 
Cohen, Isaac Judah, 
B.Sc. (Eng.). 

Cooper, George. 

Cufifley, Walter. 

Dunn, Charles Trevor, 
B.Sc. (Eng.). 

Everett, Arthur G. 


Graham, Alexander. 
Harley, Lawrence Shep- 
heard, B.Sc.(Eng.). 
Harlow, Flarold George, 
B.Sc. 

Holman, Horace. 

Floward, Arthur. 

Jones, Ernest Thomas L. 
Lash, Alfred Reeves. 
McCulloch, Reginald 
Andrew. 

Sinclair, William. 

White, Albert Ernest. * 


A paper by Major E. Ivor David, Member, entitled 
** Electricity in IVIines " (see page 621), was read and 
discussed. On the motion of the President a vote of 
thanks to the author was carried with acclamation, and 
the meeting terminated at 7,50 p.m. 


44th hlEETING OF THE WIRELESS SECTION, 4 MARCH, 1925. 
(Held in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, Chairman of the 

Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 4th February, 1926, were taken as read and 
were confirmed and signed. « 

A paper by Mr. D. W. Dj^e, B.Sc., Associate Member, 
entitled ” Current-Transformer Methods of Producing 
Small, Known Voltages and Currents at Radio Fre¬ 
quencies for Calibrating Purposes (see page 697), 
^ and a paper by Lieut.-Colonel K. E. Edgeworth, 
D.S.O., M.C., and Mr. G. W, N. Cobbold, M.A., 


Associate Member, entitled The Measurement of 
Frequency and Allied Quantities in Wireless Tele¬ 
graphy,'* were read and discussed.. , 

Mr. G. W. N. Cobbold also demonstrated " A Direct 
Method of Setting an Undamped Radio Oscillator to 
any Desired Frequency Within an Accuracy Approach¬ 
ing 1 in 10 000," and this was discussed. 

On the motion of the Chairman votes of tlaanks to 
the authors for^their papers and to Mr. Cobbold for 
his demonstration were carried with acclamation, and 
the meeting terminated at 7.66 p.m. 


727th ORDINARY MEETING, 6 MARCH, 1926. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. WoodhousOt President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting of the 
19til February, 1926, were taken as read and were 
confirmed and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 


page 334) was taken as read and the thanks of the 
meeting were accorded to the donors. 

A paper by Colonel T. F. Purves, O.B.E., Member, 
entitled '^The Post Office and Automatic Telephones 
(see page 617), was read and discussed. On the motion 
of the President a vote of thanks to tlie author was 
carried with acclamation, and the meeting terminated 
at 7.65 p.m. 
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Nominations for Election to the Council. 

In addition to those members nominated by the 
Council (see page 613) the following have been nominated 
for the vacancies which will occur on the 30th September 
next;— 

Ordinafy Members of Council (Members): 

C. Rodgers, O.B.E., B.Sc. (Nominated by Messrs. 
A. R. Everest, A. B. Field, M.A., B.Sc., A. P. M. Fleming, 
C.B.E., M.Sc., F. C. Gibbons, F. Hird,* B.A., E. S. 
New, M. J. Railing, W. O. Smith, F. Wallis and 
A. P. Wood). 

J. N. Waite (Nominated by Messrs. J. Anderson, 
L. H. A. Carr, M.Sc.Tech., J. F. Crowley, D.Sc., E. 
Fawssett, R. Johnson, A. H. W. Marshall, W, M. Selvey, 

C. Vermer, E. B. Wedmore and J. Wright). 

Ordinary Member of Council (Associate Member) : 

J. H. Parker (Nominated by Messrs. W. F. Andrews, 
E. B. Barnett, B. B. Heaviside, W, J. Jeffery, A. L. 
Lunn, A. P. MacAlister, T. A. G. Margary, W. J. Oswald, 
L. Owen and W. Young). 

Associate Membership Examination Results. 

April 1926, Supplementary List.* 

Passed. 

Hall6, C. R. (Soutli Africa). 

Larkin, C. N. (South Africa). 

Students’ Premiums^ 

The following premiums, each of the value of £10, 
have been awarded by the Council for papers read 
before the Students* Sections during the past session :— 

Author Title of Paper Students* Section 

P. G. Ashley, ** Fuses and Fusible Cut- North-Eastern 
B.Sc. outs" 

D. I. Bawbarn Variable-Speed Three- North-Eastern 

Phase . Commutator 
Motors ** 

E. Gallizia “ Some Problems of the South Midland 

Turbo-Alternator 

J. H. Reyner The Direction-finding London 

Equipment at Niton 
and CuUercoats ** 

W. R. T. Skin- High-Pressure and North Midland 
NER, B.Sc.,and High-Temperature 

G, E. Barrett, Steam ** 

B.Sc.Tech. 

A. Tustin, M.Sc. “ Economics and Indus- North-Western 

trial Electrification ” • 

• 

* See page 614. 


Model Form of Oeneral Conditions of Contract 
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Preface. 

The present paper follows one on the same subject 
read before the Institution on the 13th May, 1920. 

It was originally intended that modem practice in 
magnet-making should be described in a second paper, 
with enough metallurgical explanation to render the 
various processes intelligible. This simple plan was 
soon abandoned when it was discovered that current 
metallurgical science had nothing to say about those 
matters which are of most consequence to the magnet 
maker. His perplexities begin with the steel itself as 
it comes from the steelworks. Why should magnets 
made from one batch of steel differ so widely in their 
magnetic power ? What is the source of the magnetic 
potency of steel ? And what causes the strength of a 
permanent magnet to fall off with age ? To answer 
such questions as these, the present writer found it 
necessary to enter an almost untrodden metallur^cal 
field ; to study spoiled magnet steel and its restoration ; 
to determine the relation between the carbon content 
and the coercive force of hardened tungsten steel; to 
investigate the harmful magnetic effect of ultra¬ 
heating; and, lastly, to measure the slow decay of 
hardened steel. 

The outcome of prolonged research on these and 
other kindred subjects is included in the following 
paper in Part III, which treats the metallurgy of magnet 
steel as a material for permanent magnets, and is 
founded on the hypothesis that the potency of steel 
arises from the molecular pattern created by the '^lu; ^ 
tion of carbon compounds in magnetic iron. A strictly 
’ logical sequence in so intricate a subject is out of the 
question, but for greater ease-of reading the various 
matters to be dealt with are presented, so fax as 
possible, in their natural order. No attempt has been 
made to adhere to conventional metallurgical ideas or 
phraseology. The metallurgical reader, should there 
chance to be one, may possibly feel lost without his 
pearUte, his austenite, and his phase rule, but a little 
fresh air does no one any harm. 

Part IV opens with a general account of the manu¬ 
facture of permanent magnets, beginning with the 
making of ihe steel. The different stages of manu¬ 
facture are then dealt with, one after the other, atten¬ 
tion being mainly directed to points of difficulty and 
matters in which common i»ractice stands in need of 
amendment. It is shown that the most favourable 
composition for magnet steel can be determined once 
for all from rheasurements of available giagnetic energy, 

♦ See Jounu^ 1920, vol. 68,ip. 780. 

I.E.E. Journal, Vol. 63, No. 344, August 1926. 


the optimum composition of tungsten magnet steel 
having already been ascertained by that means. 

The section in Part IV under the heading ''Cast 
Magnets contains an account of a research conducted 
by the British Scientific Instrument Research Associa¬ 
tion, and completed some three years since. It was 
found possible to cast permanent magnets in either 
tungsten steel or cobalt steel, and the cast magnets, 
while presenting many advantages over the customary 
magnets of rolled steel, were in no way inferior to them 
in magnetic power. 

Throughout the paper, and notably in bringing 
Part IV to a conclusion, the author has freely intro¬ 
duced ideas of a speculative kind. This has been done 
rather in the hope that trains of thought may be 
set going in other minds in altogether novel directions. 
Where these will end no one can tell. Perhaps nowhere; 
but in any case it is good to make occasional excursions 
from our accustomed groove. 

In the earlier stages of research the want of suitable 
apparatus made it difficult to proceed without metal¬ 
lurgical help. This was invariably forthcoming, and 
at the very beginning the author was able, by kind 
permission, to make certain preliminary experiments 
in the- worlcs of the. Birmingham Small Anns Co. 
Thanks are also due to the directors of Messrs. 
W. H. Allen and Son of Bedford for permission to use 
the "inverse rate curve" apparatus.installed in their 
metallurgical laboratory, and to Mr. R. Rohe, who 
very kindly undertook the task of determining inverse 
'rate, curves from samples of tungsten magnet steel 
supplied by the author's firm. 

The numerous samples of tungsten steel with graded 
carbon content, required for the determination of the 
carbon-coercive-force curve, were all specially cast 
and presented to the author by Messrs. Thos. Firth 
and Sons, and his warmest thanks are due to the directors 
of the firm for this most generous help, as also to Dr. 
W. H. Hatfield, the director of the Brown-Firth Research 
Laboratory, under whose supervision the samples were 
prepared. 

All the chemical analyses given in the paper were 
made for the author's firm by Messrs.. Riley, Harbord 
and Law, and the writer is indebted both to Mr. Har¬ 
bord and to Mr. Law for helpful advice on many 
occasions. Thanks are specially due to Mr. Law for the 
microphotographs of tungsten magnet steel referred to 
in the introduction to Part IH. 

Nearly all = the experimental work recorded in the 
paper, was done by Mr, Finnis, ably assisted by 
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Mr, Baker. It has been the author’s pleasure on more 
than one occasion in past years to acknowledge his 
indebtedness to Mr. Finnis. On the present occasion 
the two graphs gi's^n in Figs. 2 and 3 will serve better 
than any words as testimony of the skill and precision 
with which the experimental work was done. In 
plotting these curves for reproduction the author has 
purposely included every observational point just as it 
stands in the original record of the experiments, each 
plotted point standing for the simultaneous readings 
of temperature and magnetic intensity by two observers. 

Finally, a word as to standards of measurement. 
Temperatures have almost invariably been measured 
by platinum-rhodium-platinum thermo-couples made 
in the laboratory from wires supplied by Messrs. 
Johnson and Mathey, the couples being subsequently 
verified by the National Physical Laboratory. Occa¬ 
sional use has been made of a Leeds and Northrup 
colour-comparison pyrometer in cases where it was 
impracticable to insert a thermo-couple inside the 
steel test-piece. The author’s astatic moving-coil 
magnetometer has been used throughout for the 
magnetic tests. The instrument is standardized by 
comparison with standard inductance coils which have 
been verified by the National Physical Laboratory. 

Except where another source is indicated, the ex¬ 
perimental work recorded in the diagrams and tables in 
this paper was done at Acton Lane Works under the 
author’s supervision. 
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PART in. 

THE METALLURGY OF THE PERMANENT 
• , MAGNET. 

(1) Introduction. 

Natural phenomena being mostly beyond human 
comprehension, we often try to explain them i^o our¬ 
selves by analogy with something simpler! But 
simplification and explanation seldom go well together. 
There is frequently an illusive simplicity in the form 
in which Nature presents her puzzles, and then the 
first step in explanation is apt to land the inquirer in 
a maze of difiiculty. 

So it is with the steel of which a permanent magnet 
is made. Solid and hard, a rigid body with a definite 
shape, it presents no obvious difficulty to the mind 
and apparently nothing could very well be simpler. 
But metallurgy tells a very different tale. Steel is 
found to possess an extremely complicated- structure 
and to be endowed with many strange properties. 
Magnetism tells much the same story of complexity, 
but;in another language. Among the more mysterious 
attributes of steel is the property with which we are 
concerned in this paper, namely, the power of main¬ 
taining a magnetic field and acting as a permanent 
magnet. It might be supposed that somewhere in 
the long and intricsate'metallurgical story of steel, as 
told in many a textbook, tins occult magnetic power 
would find a place if not an explanation. It is not so, 
•however, and just in those places where it is natural 
to look for something relating to tiie properties of 
steel which give rise to the two factors of magnetic 
energy, we find gaps in the story. But both metal¬ 
lurgical structure and inherent magnetism go to the 
making of a permanent magnet, and in the • present 
paper an attempt must be made to fiU up the gaps as 
far as possible and present the story of magnetized 
steel as a whole. For reasons of space it can only be 
a story in outline, and on the metallurgical side it will 
naturally be confined to steels of the composition used 
for magnets. ^ 

The absence of metallurgical guidance in matters 
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concerning the magnetism of steel is natural enough. 
Steel is mainly employed for structural purposes 
where mechanical strength is the first consideration, 
and for that reason metallurgical research has been 
directed for the most part to the mechanical pro¬ 
perties of the various kinds of steel; properties which 
are largely governed by chemical composition, thermal 
treatment and crystalline structure. Hence in the 
past the principal weapons of the metallurgist have 
been chemical anal 3 >'sis, the pyrometer, and the micro- 
.scope, and it could hardly be expected that these 
\vould throw light on magnetic phenomena which 
appear to have their origin in the actions of individual 
atoms and molecules. 

In a recent paper * Mr. Watson has sought to estab¬ 
lish some connection between the gross structure seen 
in the microscope, and the magnetic properties of 
magnet steel. It is only natural that they should 
have something to do with each other, but the relation 
cannot be that of cause and effect. Anyone who makes 
a microscopic examination of the interior of a permanent 
magnet under a high magnifying power, can scarcely fail 
to be struck by the fact that the more powerful the 
magnet the less there is to be seen in the microscope. 
The harder the steel the fewer the signs of crystalline 
or other structure, and inside a magnet made of good 
homogeneous magnet steel in the completely hardened 
state there is scarcely a trace of visible structure.t ' 
The only possible conclusion to draw is tliat the 
development of the power of permanent magnetism 
in steel depends on the absence, and not on the 
presence, of visible structure. In looking for the origin 
of that power the microscope does not help us. The 
source is nowhere to be seen, and it must be sought 
by other means. It must be looked for among the 
molecules of iron, the molecules of carbon and other 
elements that enter into the composition of magnet 
steel. 

Perhaps it is not only in the realm of permanent 
magnetism that the microscope fails to see the things 
that matter. In the past, micrographic study has 
greatly advanced metallurgical knowledge of the gross 
crystalline structure of metals. and alloys, but to any¬ 
one who, like the present writer, is % mere intruder in 
the met^lurgical field and therefore takes, an outside 
view, it does not appear that the microscope, as a 
guide to the fundamentals of metallurgy, is likely to 
add appreciably to what it has already accomplished. 
Future progress seems to demand that optical vision 
should be replaced by mental vision, aided by some 
keener weapon than the microscope. Magnetism is 
such a weapon, but its application is limited at present 
to the magnetic elements. Another keen instrument 
of research, and one of more general application, is 
the X-ray spectrograph, which is already being widely 
used and bids fair to unravel many an obscure problem. 
Applied to metals, X-rays penetrate the molecular 


• E. A. Watson ; “ Permaneat magnets and the relation of their properties 
to the constitution of magnet steels,” Jomtal I,EM., 1928, yol. 61, p. 641. 

t These statements are founded on an exammation of microphoto^phs or 
tungsten magnet steel in different states of hardness. The samples were 
Supplied by the anthor*s firm in the form of cylindrical bar magnets and 
Mr. E. F. Law very kindly undertook the photographic work, for the purpose 
of this paper. The surface photographed, was. a inverse aecton near the 
middle of Uie length of each ipgnet. A magnifymg power of 1000 was used 


structure and reveal the arrangement of the atoias in 
the elementary crystal which forms the unit from which 
the gross structure seen in the microscope is built up. 

It may be anticipated that before long the hypo¬ 
thetical molecular pattern, which Ewing's theory 
requires for the magnetic mechanism in iron and steel, 
will be put to the searching test of comparison with 
the pattern disclosed by X-rays. Whether the facts 
so revealed will fit in with an old and well-tried 
magnetic theory or whether that* theory, like others 
before it, will have to give place to one in better agree¬ 
ment with newly discovered facts, no one can tell. 
But whatever the outcome of X-ray research may be, 
the discovery of the actual molecular pattern of the 
magnetic mechanism will be a forward step in magnetism 
second only in importance to the discovery of the 
planetary electrons. 

Metallurgical knowledge and the facts of magnetism 
having been kept in reason-tight compartments, (a 
metaphor we owe to Cuninghame Graham), the light 
to guide us in looking for the sburce of the magnetic 
power of the permanent magnet has mostly come from 
the magnetic phenomena themselves, phenomena which 
are now known to arise directly from the internal 
mechanism of the atom, the motion of the planetary 
electrons in their orbits constituting an electric current 
and endowing the atom or molecule with a powerful 
magnetomotive force. In the former paper an examina¬ 
tion of the magnetic action of an assemblage of 
magnetic molecules enabled some sort of mental picture 
to be formed of the pattern in which the molecules 
would require to be arranged in order to give the whole 
mass the power of behaving like a permanent magnet. 
Now, steel containing carbon possesses tliat power in 
an eminent degree, and since the steel is known to be 
a solution of carbide molecules in iron, the inference 
must surely be that, in some way or other, the mole¬ 
cular pattern of solution constitutes the magnetic 
mechanism of the permanent magnet. It is easy to 
show#by experiment with steels containing carbon, 
that the greater tlie development of the state of solu¬ 
tion the more powerful the steel becomes as a permanent 
magnet. In this paper, therefore, the magnetic 
mechanism of Ewing's theory will be identified with 
the molecular pattern which is formed when carbon, 
in the form of carbide molecules of some kind, is dis¬ 
solved in magnetic iron. 

When embarking on the study of unfamiliar facts 
it never comes amiss to begin by acquiring a sense of 
the proportion of things, so that we may know before¬ 
hand whether we are to look for a mountain range or 
a speck of dust. The reader need not trouble about 
the mountain, for all the essential properties of the 
permanent magnet are to be found in a tiny fragment 
of steel, a mere invisible speck. - 

Turning to the microscope for the last time, what 
is the size of the smallest entity visible therein ? How 
many molecules will it contain ? To answer these 
questions the author has again availed himself of 
friendly help. When using a microscope with the high 
magnif ying power of 3 000, Mr. Law found that the 
smallest entity which he could recognize with bertainty 
as a metallic crjrstal grain, measured 106 X 10*“® cm 
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in diameter. Assuming this tiny object to be 'a cube, 
it would contain lOS^ x x 4*2 X 10^2 mole¬ 

cules ; in round numbers 50 000 million molecules. 
In the hardened steel of a permanent magnet a crystal 
grain, visible or invisible, is a homogeneous solution 
of carbide molecules in iron, and when considering a 
mass of steel as a solution the unit is the crystal grain. 
If the grain is large enough to contain 60 000 million 
molecules, we may just catch a glimpse of it in a 
powerful microscope as a minute structureless object of 
recognizable shape. More than that cannot be seen. 
The molecular pattern of solution is there in the tiny 
speck, the pattern which, in the view of the present 
writer, linlts metallurgical properties with permanent 
magnetism, but being a pattern of molecules it is, of 
course, far beyond the range of visibility in even the 
most powerful microscope. In short, apart from mental 
vision, nothing short of X-rays or magnetic phenomena 
can bring the molecular pattern of solution within our 
reach. 

The iron-carbon solution, which constitutes the 
cryst£Ll grain in magnet steel, embodies also the magnetic 
machinery of the permanent magnet. But whereas 
the crys'to.l grain may contain millions of molecules, 
a very small number will serve as a unit of magnetic 
action. With the aid of his celebrated working model 
of the magnetic mechanism, Ewing has shown that, so 
far as the magnetic phenomena of iron and steel are 
concerned, the whole secret of the magnetic machinery 
is contained in a group of a few dozen magnetic mole¬ 
cules. Looking on such a group as in some sense a 
unit portion of the magnetic machine, the crystal 
grain in its magnetic aspect is seen to be an assemblage 
of such units and quite likely to contain an immense 
number of them. 

In the following pages, therefore, steel will present 
itself in two aspects, and when considering it as a 
solution the crystal grain must be borne in mind as 
the homogeneous unit. On the other hand, when 
looking at steel in its magnetic aspect, our attention 
will be directed to a tiny bunch of magnetic molecules, 
and not to the vast crowd of molecules which even the 
smallest visible crystal grain contains. But whether 
solution or magnetism happens to be foremost at the 
moment, our mental vision must be extended far 
beyond the gross appearances seen in the microscope, 
into a region where atoms and molecules are at work 
close to the very heart of things. 

(2) The Theory of Magnetism in Iron. 

Before considering the metallurgy of magnet steel, 
attention must be directed to one. or two purely 
magnetic matters. The previous paper was founded on 
the combined theory built up by Ampere, Weber and 
Ewing, and in. Part I it was shown that ^e power of 
a permanent magnet to maintain a magnetic field and 
resist deniaghetizing forces depends on the ability of 
small groups of magnetic molecules to hold themselves 
together as local oriented systems, by means of their 
mutual induction. But in a mass composed of magnetic 
molecules of equal magnetomotive force, and uniformly 
distributed in space, local bonds of mutual induction, 
flux tubes threading small groups of molecules and 


binding them together by magnetic forces, axe impos¬ 
sible, for lack of the necessary available spaces to con¬ 
tain them. Hence to set up the condition that gives 
rise to permanent magnetism there must be some kind 
of variformity in the distribution of magnetomotive 
forces, and since there is no reason to believe that the 
molecules of any magnetic element are unequal as 
regards their magnetomotive force, it follows that the 
required variformity must be a want of uniformity in 
the distribution of the magnetic molecules in space. 
It is more than lilcely that the want of uniformity is 
systematic; small groups of molecules being gathered 
together so as to leave vacant spaces available for the 
propagation of the mutual induction which, after 
magnetization, will serve as the magnetic bond between 
them. In the case of iron, which crystallizes in cubic 
order, it is natural to identify the gathered group with 
the eight molecules at the corners of a cube or primitive 
crystal; but this is rather a convenient mental picture 
than a hypothesis supported by facts. Evidently the 
variformity is a characteristic of the particular magnetic 
material, in a sense it is the structure of the material, 
and the greater the degree of variformity in any 
material used for making a permanent magnet, the 
greater the maintaining power of the magnet. 

So much as a summary of the view of Ewing^s theory 
put forward in the previous paper,* the basis being a 
molecule which is magnetic in virtue of the motion of 
its planetary electrons (Ampere's molecular current), 
and Weber's theory of magnetization as the orientation 
of a mass of magnetic molecules. Since the publication 
of tliat paper. Sir Alfred Ewing has suggested a modi¬ 
fication of his original ^eory, his later view being 
that it is the planetary electron orbits only, and not 
molecules as a whole, that become oriented under the 
action of a magnetizing field; and that the power to 
retain the oriented state arises from the mutual induc¬ 
tion between the several electron orbits of the .indi¬ 
vidual atom or molecule. The fundamental principle of 
the original theory remains, but the origin of the 
retaining power has been transferred from, the mutual 
induction of neighbouring molecules in a group, to 
the mutual induction of neighbouring electron orbits 
in an atom or njplecule.f In this modified form the 
theory has not yet been developed to the point where 
it can replace the original theory as a guide in threading 
our way through the mazes of permanent magnetism, 
and in ^e present paper, as in the previous one, Ewing's 
theory in its original form will be assumed as a basis. 

(3) Molecules : Magnetic and Non-Magnetic. 

It is a strange fact that of all the known elements 
only three are magnetic at ordinary temperatures 
and under normal conditions. The magnetic elements 
are, of course, iron, nickel and cobalt, and in olden 
days when no one troubled about the inside of an 
atom these were the uncanny exceptions to the rule 
of no magnetism. But since it became known that 
every kind of atom contains electrons moving in orbits,; 

♦ ” Permanent Magnets in theory and practice,” Part I, Jwtmal 
1020, vol. 68, p. 780. 

t J. A. Ewing: Tfoceedings of the Royal Society A, 1023, vol. 100, 
p. 440; I^oceedings ofihe^Royal Society of Edinburgh, 1021-22, vOl. 42, Part I,.' 
p. 07. PhUosophical Magazine, 1022, vol, 43, p.‘408* 



THEORY AND PRACTICE. 


and is therefore a potential source of magnetism, the 
difficulty has been to explain the absence of magnetic 
effects in the so-called non-magnetic elements. Iron, 
nickel and cobalt, with their powerful magnetism, are 
natural enough. 

Weber saw the magnetic molecule as a little magnet. 
Ampere thought of its magnetism as arising from an 
electric current flowing in the molecule. It is now 
known that Ampere was right, the motion of the 
planetary electrons constituting the current. In the 
previous paper, when considering magnetization as an 
orientation of magnetic molecules, it was unnecessary 
to pay attention to individual electron orbits and, in 
order to provide a simple mental picture of the process 
of orientation, the several orbits of the molecule were 
all supposed to be lumped together, as it were, and 
regarded as equivalent in their effect to a single 
imaginary current ring behaving like a little coil carrying 
a permanent current. 

We are, however, now going to look at the mole¬ 
cule of iron in its metallurgical aspect and, among 
other things, it will be necessary to take account of it 
as it exists when iron, being red-hot, ceases to be 
magnetic. We are therefore faced by the fact that 
iron can exist either in the magnetic or in the non¬ 
magnetic state, and the convenient image of the iron 
molecule as a single imaginary current ring behaving 
like a coil no longer serves. We must picture the iron 
molecule as equivalent to two equal current rings in 
order to have a system capable of changing from one 
magnetic state to another. 

Iron loses its magnetism, apparently because each 
molecule loses its magnetic moment. What actually 
happens to the molecule is not known, but it is some¬ 
thing equivalent in effect to a re-arrangement of the 
relative positions of the orbits of the planetary elec¬ 
trons. When the molecule is magnetic all the electrons 
belonging to it travel the same way round their orbits 
and endow the molecule with its magnetic moment 
and magnetomotive force. When the molecule is non¬ 
magnetic, the electrons must be travelling opposite 
ways in the different orbits, the numbers going one 
way and the other being such that the algebraic sum 
of the magnetic moments of the several orbits is zero. 
Hence the change from magnetic to non-magnetic, or 
vice versa, consists in a shifting of orbits from one 
arrangement to the other, a change that amounts to a 
reconstruction of the molecule. 

For mental convenience we may suppose that there 
are only two orbits in the molecule of iron, each con¬ 
taining half the total number of planetary electrons 
belonging to the molecule. In this way we form a 
simple mental picture of the magnetic mechanism of 
the iron molecule as consisting of two imaginary 
current rings of equal and constant magnetic moment. 
If the currents in the rings go the same way so that 
their magnetomotive forces act in the same direction, 
then the system represents an iron molecule in the 
magnetic state. If the currents go opposite ways, 
then there will be no magnetic moment and no resultant 
magnetomotive force, and in that state the system 
represents the iron molecule in the non-magnetic state. 
To convert the system from one state to the other it 


is only necessary to turn one of the rings round, about 
a diameter, through half a revolution ; and it is ^me- 
thing equivalent in effect that takes place in the real 
iron molecule when the magnetic change occurs. 

The energy required to convert a magnetic molecule 
into the non-magnetic state and the time occupied in 
effecting the magnetic change should be borne in mind 
when considering the metallurgical phenomena of iron 
and steel. To move two neighbouring coils relatively 
to each other, from positions in which their magneto¬ 
motive forces act in the same direction to positions in 
which they are opposed, requires the expenditure ol 
force; energy must be supplied to effect the move¬ 
ment. If the coils are allowed to return to their original 
positions this energy will be released again. The same 
holds good f6r the simple model molecule composed 
of two current rings. Hence, assuming electron orbits 
behave like current rings and coils, aiw shifting of the 
orbits in an atom which has the effect of converting 
it from the magnetic to the non-magnetic state, will 
need a supply of energy to bring it about. This 
deduction from the known laws of electromagnetism 
is borne out by the facts, for there is a measurable 
absorption of energy when iron changes from the 
magnetic to the non-magnetic state, and the energy is 
released again when the iron returns to the magnetic 
condition. 

Nothing is known from observation about the time 
occupied by an atom or molecule in effecting the 
magnetic change. However it is performed, it is an 
affair that concerns electrons .and their orbits, and we 
may guess the time to be inconceivably short, more 
or less comparable perhaps with the periodic time of an 
electron travelling round its orbit. Now metallurgy 
has to do with various molecular transformations in 
iron and steel that progress quite slowly, occupying 
time measured by minutes or even hours, and some¬ 
times, as we shall see in Section (16), stretching out into 
years. In comparison with even a single minute, the 
magnetic change of a molecule must be practically 
instantaneous, and it will be so regarded in the 
following pages. 

(4) Coercive Force and Potency. 

When magnets began to be made of steel it was soon 
recognized that besides the magnetism of the steel 
there was some other property, some hidden power, 
that went to the making of a permanent magnet. In 
iron this power was almost entirely absent. Steel, 
although less magnetic than iron, possessed far more 
power to act as a permanent magnet, and in hardened 
steel the power was present in the highest degree. To 
this mysterious property, latent in the steel before it 
was magnetized, the misleading name '' Coercive 
Force was given in very early days. Flard steel, for 
example, was said to possess a great coercive force ; 
though what the steel was supposed to coerce it would 
be hard to say at this distance of time. However, 
there the property was, and coercive force it was called. 
To-day the property is still recognized as inherent in 
the steel, but the old name for it has long been trans¬ 
ferred from the steel to a purely magnetic quantity 
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which, happens tq serve, in some degree, as a measure 
of thg coercive force property. 

This confusing transference of name was made some 
forty years ago by Hopkinson, Finding the term 
coercive force already in use, and perhaps hardly 
realizing the meaning it held for the malcer of per¬ 
manent magnets, he attached it to the demagnetizing 
force which serves to reduce the flux in iron or steel 
to zero. To speak in a parable, a certain man in 
authority transferred the name coal from the black 
lumps in a sack to the weights employed in weighing 
it; and to this day men call the weights " coal,*" much 
to their own mental confusion. Hopkinsonian coercive 
force is the weight. The property latent in the steel, 
the coercive force known to the magnet maker, is the 
coal. 

At this time of day it would be futile to attempt 
to re-name the demagnetizing force tliat reduces the 
flux to zero. Coercive force it has been for all of us 
since. Hopkinson’s time, and coercive force it will 
doubtless remain. But it must not be forgotten that 
it is purely a magnetic quantity, one which affords a 
sort of measure of the ability of the magnetized mass 
to withstand the action of demagnetizing forces. 

Knowing that iron possesses scarcely a trace of the 
power to withstand demagnetizing forces and that 
steel has it in a high degree; knowing, moreover, that 
steel differs from iron in composition, we are justified 
m believing that the withstanding power has its origin 
in some particular molecular arrangement, a molecular 
pattern, so to speak, highly developed in hard steel, 
almost, non-existent in soft iron. Whether we are 
always clearly conscious of it or not, it is the power 
latent in the molecular pattern that we have in mind 
when we refer to the coercive force of the steel To 
avoid confusion it is essential to realize that although 
we use magnetic means to detect it, the coefcive force 
of the steel is not itself a magnetic property. It is 
there in the steel, as a molecular pattern, whether 
the steel is magnetized or not. It is the coal, and must 
not be confused with the Hopkinsonian weight, ^ 

In the following pages, in order to avoid circumlocu¬ 
tions when referring to the withstanding power latent 
in the molecular pattern, it will be called the potency '* 
of the steel, and Hopkinson*s coercive force will be 
regarded as a convenient indicator of different degrees 
>Df potency in different kinds of steel. 

According to the theory on which this paper is 
founded, potency must have its origin in some kind of 
systematic variformity in the distribution of the 
magnetic molecules, and hence in the light of that 
theory , the molecular pattern is the variformity. But 
v^iformity implies the particular theory associated 
with the names Ampere, Weber and Ewing, and a word 
specifically adapted to a theory is always open to the 
objection that some day the theory may be replaced by 
a better one, and in that event the word becomes mis¬ 
leading. The terms molecular pattern and potency 
are free from this objection. 

In a piece of pure iron the volume is occupied solely 
by magnetic' molecules. Iron possesses hardly any 
potency and, to make it fit for a permanent magnet, 
potency must somehow be imported into it. So far as 


knowledge goes at present, this cannot be done on an 
adequate scale without introdtlcing non-inagnetic sub¬ 
stances into the iron, and since the non-magnetic mole¬ 
cules replace some of the magnetic molecules, a piece 
of iron can only acquire potency at the sacrifice of some 
of the inherent magnetism. It is easy to make steel of 
great potency if the accompanying sacrifice of magnetic 
molecules is ignored, but the true art in making magnet 
steel consists in carefully balancing gain in potency 
against loss of magnetic molecules. This principle has 
often been overlooked by steelmakers. 

In ^e following sections, the molecular pattern 
that gives rise to great potency will be identified with 
the arrangement of molecules in a solution. Knowledge 
of solutions is not yet sufficiently adyanced to enable 
a clear mental picture of that arrangement to be formed, 
but, whatever may be the state of things in a solution, 
it certainly provides the kind of molecular pattern that 
gives potency. 

(6) The State of Solution. 

The metallurgical aspect of steel as a solution has 
already been referred to. It is a strange kind of solu¬ 
tion. Not so much because it happens to be in the 
solid state, as for otlier reasons that will unfold them¬ 
selves as we go along. 

For most of us a solution is a liquid with something 
dissolved in it, lilce salt in water. So familiar i^ the 
fact tliat salt dissolves in water, that no explanation 
seems called for until we begin to wonder what the 
molecules of salt are doing in the water. When we 
inquire of the learned what is the relationship between 
the salt and the water, the solute and the solvent, no 
very definite answer is forthcoming, Ever 3 rthing, or 
nearly everylhing, seems to be known about solution 
except what it is. It is easier to say what it is not. 
Solution is not a mere mixture in which the molecules 
of different kinds pay little or no attention to each 
other. On the otlier hand, solution is not chemical 
combination, for that is an affair of atoms and definite 
proportions, whereas the constituents of a solution can 
exist together in any proportions within limits. 

When a solution is examined some little time after 
dissolving the solute substance in the solvent, it is 
found that the solute has become uniformly distributed 
throughout the liquid. To do this, the solute molecules 
must have been acted on by forces akin to those which 
cause the molecules of a gas, contained in a closed 
vessel, to distribute or disperse themselves uniformly. 
In the c^e of the gas the ultimate effect of the mole¬ 
cular dispersing forces is a pressure on the walls of the 
vessel and on the surface of any body inside the vessel. 
Similarly, in a solution, the solute molecules exert a 
pressure, and apparently gas pressure and solution 
pressure are of the same nature, if indeed they are not 
identical. In a solution the solvent seems to fulfil 
the function of the space inside tlie closed vessel, and 
just as tlie molecules of gas are confined within the 
vessel so the molecules of solute are confined within 
the volume of the solvent. 

The mobility of solute molecules in a liquid or solid 
solution is naturally very much less than that of mole¬ 
cules in an otherw^fee empty space. A bunch of mole- 
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cules when put into an empty vessel would disperse 
with extreme rapidity and almost instantly become 
uniformly distributed. But a similar bunch of solute * 
molecules in a liquid would find their movements 
hampered by the presence of surrounding molecules 
of solvent and, with diminished freedom to travel, 
the dispersal of the molecules would, of course, go on 
much more slowly. In a solid it must be even more 
difficult for molecules to travel from place to place. 
Nevertheless, when a solution is in the solid state, the 
solute molecules do manage to move about when the 
forces are there to set them in motion. But the greatly 
restricted molecular mobility in the solid naturally 
makes travelling exceedingly slow. 

When the constituents of a solution have widely 
different properties, as in the case of salt and water, 
or when one constituent greatly exceeds the other in 
quantity, as in a dilute solution, it is useful to mark 
the difference by the words solute and solvent. But in 
metallic solutions, more generally known as alloys, it 
is impossible to distinguish between the constituents 
in that way and solution is then seen to be a mutual 
condition, each constituent being, as it were, dissolved 
in the other. But solutions of the completely mutual 
kind are very different from the one-sided solution 
witli which we are concerned in this paper. When 
carbon, combined with some other element to form a 
solute^nolecule, is dissolved in iron, the two constituents 
play entirely different parts. Nothing can make the 
carbon do what the iron does, nor can anything make 
the iron act like carbon. For this reason it will be 
convenient to adhere to the terms solute and solvent, 
although nowadays these words have lost some of their 
distinctive meaning. 

At any given temperature there is a limit to the 
quantity of solute which a given volume of solvent 
can hold in solution, and when the solution contains 
that limiting quantity it is described as a saturated 
solution. If the temperature of a saturated solution 
is lowered to some other point, a sufficient quantity 
of solute will pass out of solution to leave the solution 
in tlie saturated state which corresponds with the 
lower temperature. The surplus solute which comes 
out of solution in that way makes its appearance as a 
separate substance, and if the solute is naturally a 
crystalline substance the surplus will appear in the 
form of tiny crystals. 

When a surplus quantity of solute passes out of 
solution and assumes the crystalline form, the solute 
molecules axe required to travel from the positions 
they occupy as constituents of a solution to the posi¬ 
tions they must take up as members of a cryst^, a 
procedure somewhat analogous to what happens in a 
squad of soldiers on the order to form fours. Hence 
to pass from solution to crystal each solute molecule 
must make a journey; and journeys, however short, 
take time. The time taken on any particulax mole¬ 
cular journey will depend on the propelling force 
acting on the molecule, and on tlie molecular mobility. 
In solid steel we must be prepared to find the solute 
constituents taking time measured by minutes or 
days, or even it may be years, tq accomplish the 
passage from solution to crystal. • 


The solute molecules, the pressure of solution, the 
surplus *solute, the molecular mobility, the jourifbys 
of the solute molecules on their way from solution to 
crystal, and the time occupied on the journey, are all 
matters intimately connected with steel as a solution, ^ 
and for that reason attention has been drawn to them 
at the outset. It seemed all the more necessary to do 
so, because metallurgical textbooks, for the most part, 
bury the molecule and its doings under a tumulus 
composed of microphotographs, equilibrium diagrams, 
and the phase rule of Willard Gibbs. 

(6) Steel as a.Solution. . 

Every kind of steel is a solution, many of the ele¬ 
ments, both alone and in combination, being soluble 
in iron. The solutes not only dissolve in molten iron, 
but remain in solution when the iron cools down and 
becomes solid. Moreover, certain elements will actually 
pass very slowly into solid iron and dissolve in it, 
taking many hours to do what is done in a few seconds 
in a liquid solvent. This brings us at once to the 
difference between a liquid solution and a solution 
which, like steel, is in the solid state. The difference 
is not fundamental. In the main principles underlying 
the behaviour of solutions, solid and liquid solutions 
are alike. It is in the element of time that they differ. 
In a solid the mobility is so small compared witli that 
of a liquid like water, for example, that molecular 
journeys, such as those of the solute molecules on their 
passage from solution to crystal, occupy immensely 
longer times. On the lowering of the temperature of a 
liquid solution like salt water, the passage of the solute 
molecules from solution to crystal is so quick as to 
appear almost instantaneous; whereas in solid steel 
even when heated red-hot to give greater mobiUty, 
the same process is found to occupy several minutes, 
as we shall see in a later section. When the ste^ is 
cold (at room temperature) the mobility is so slight 
that in practice it is ignored and the cold steel is 
regarded as being in an unchangeable condition. 
Nevertheless, there is evidence that even when cold 
the mobility is not quite zero ; the molecules can, and 
do, go on journeys, although with almost incredible 
slowness. Novel evidence of this will be given on a 
later page. On general grounds it seems probable 
that the mobility does Hot actually vanish until the 
temperature falls to the absolute zero. 

Turning now to the solutes in steel, of the many 
elements tihat are commonly used at the present time 
we are only directly concerned with carbon, tungsten 
and chromium. Of tliese the first was accidentally 
introduced into iron in the Early Iron Age. The other 
two’have been brought into use in more recent times 
as the result of efforts to increase the hardness of tool 
steel. Hardness and potency being both associated 
with the state of solution, steels which lent themsdves 
by their hardness to the making of tools have sometimes 
proved to make good magnets. 

It is an easy matter for the steelmaker to dissolve 
all manner of elementary substances in iron and 
(describe the resulting product as steel. But to ascer¬ 
tain what happens to the various elements jumbled 
together in this way, whether they combine and if so 
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in what chemical forms, has been a task of the greatest 
difiitnlty, and it has needed much patient research 
by many metallurgical workers to determine the com¬ 
position of the various solute molecules met with in 
steel. Naturally carbon was the first to be attacked. 
It has been conclusively demonstrated that under 
ordinary conditions carbon only dissolves indirectly 
in iron. It does so by combining with some suitable 
element to form a compound solute molecule. Iron 
itself happens to be one of the suitable elements, and 
when carbon is put into iron, each atom of carbon 
combines writh three atoms of iron to form a molecule 
of carbide of iron, FegC.* This substance.being soluble 
in iron, the molecules so formed immediately dissolve 
in the remaining iron ; and since iron is only capable 
of dissolving a small proportion of this or any other 
carbide, the remaining iron constitutes much the 
greater part of the whole mass. Another suitable 
auxiliary element is tungsten, which combines with 
carbon as a carbide of tungsten, WC, which is also 
soluble in iron. A third element of the auxiliary kind 
is chromium, which combines with carbon as a 
carbide of chromium having the formula CrgCg.f 
Several other suitable elements of the auxiliary kind 
are employed: in combination with carbon as solutes 
in different kinds of steel, but we may confine our 
attention to carbide of iron (FcgC), carbide of tungsten 
(WC), and carbide of chromium (CrgCg), since apart 
from alien substances these three compounds alone 
are met with in magnet steels at the present time. In 
carbon steel, only the carbide of iron is present. In 
tungsten magnet steel, carbide of iron and carbide of 
tungsten are both used and in such proportions that 
there are roughly the same number of molecules of 
each. In chromium steel both the carbide of iron 
and the carbide of chromium are likely to be present, 
but as this steel is inferior t6 tungsten steel as a 
material for permanent magnets its composition has 
not received much attention. 

Each of the three carbides just referred to is soluble 
in iron to a small extent; and when in solution, but 
not otherwise, each endows iron with potency. The 
greater the quantity of carbide in solution the greater 
the effect, up to a limit which is reached when the 
proportion of carbide compound, reckoned in terms of 
^ its carbon content, is about one per cent of the weight 
of steel. In treating of magpaet steels, therefore, we 
are not concerned with any steel containing more than 
about one per cent of carbon. 

There is no simple quantitative relation between 
the proportion of carbide in solution and the resulting 
potency of the steel; but by ascertaining the quantity 
of carbide by analysis and determining the potency 
by measuring the Hopkinsonian coercive force, a curve 
can be prepared connecting the carbon content with 
the coercive force and therefore estabUshing the rela¬ 
tion between the particular solute molecule and the 
potency it creates in the iron. Curves of this kind 
have been experimentally determined by Madame 


S exprMses the true proportion, and that is all that is material to the 

t Arnold W Read : ’ 
p. 249. 
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Curie for carbon steel, and by the present writer for 
tungsten steel. These curves will be found in the 
sections of the present paper devoted to carbon steel 
and tungsten magnet steel, the author’s curve, giving 
the carbon content and coercive force of tungsten 
steel, being now published for the first time. 

The three carbides used for magnet steels differ in 
their power of creating potency. As a unit, a molecule 
of tungsten carbide is considerably more effective than 
one of iron carbide; nevertheless, the maximum value 
of the potency of a steel which contains only the 
carbide of tungsten is no greater than that of carbon 
steel. When both these carbides are present, as they 
are in tungsten magnet steel, they yield a far higher 
potency acting together than either carbide does by 
itself. This amplifying power might possibly be 
explained by supposing the two carbides to unite to 
form the double carbide FCgCWC, provided that mole¬ 
cule could be shown to possess a greater potency¬ 
giving power. But the evidence of analysis, and some 
newly acquired magnetic evidence referred to later 
on, seem to point quite clearly to the presence of the 
two carbides as separate entities. Which is the true 
view no one can say for certain, and how these two 
carbides by working in conjunction as solute molecules 
in tungsten magnet steel manage to create a greater 
potency than either solute can do by itself is a problem, 
for the future to unravel. < 

The most powerful solute considered solely as a 
source of potency is the carbide of chromium, the 
molecule of which is some eight or nine times as 
powerful as a molecule of carbide of iron. Unfortu¬ 
nately, carbide of chromium also has the power of 
preventing molecules of iron from assuming the magnetic 
state. Although as a solute molecule it provides great 
potency, yet at the same time carbide of chromium 
greatly depletes the steel of its magnetic molecules, 
and the loss of magnetic power from this cause out¬ 
weighs the gain in potency. For this reason chromium 
steel is inferior to tungsten steel as a material for 
permanent magnets. But by the introduction of 
another solvent, namely an alloy of cobalt with iron. 
Professor Honda appears to have removed this draw¬ 
back and for the first time enabled carbide of chromium 
to be used withotTt robbing magnetic molecules of their 
magnetism. 

Potency and hardness go together in steel, both 
properties depending mainly on the pre.sence of carbide 
molecules in solution. The same carbides, not in 
solution but present in the steel as distinctive crystalline 
substances, jdeld no potency. Presumably they give no 
hardness either. 

None of the elements forming the three carbides 
used in magnet steels seem able by themselves to 
create potency. This is certainly true of the iron in 
carbide of iron. It also applies to tungsten. This 
element, when put into iron, combines with it to form 
the molecule Fe 2 W,* which, being soluble, immediately 
dissolves in the remaining iron. But experiment shows 
that the presence of this solute gives the iron no 
potency. From analogy it may be conjectured that 

19H^pf of the InslittUion of Mechanical Engineers^ 
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chromium by itself is ineffective as a creator of potency, 
but there is no experimental evidence on the point. 
Lastly, carbon, by itself, is not able to endow iron 
with potency. Under some conditions carbon in its 
elementary form, not in combination with other ele¬ 
ments, “ free carbon ** as it is called, is found in steel; 
even in steel which contains less than one per cent of 
carbon. Whether it is in a state of solution or not 
does not appear, but whatever the atoms of free carbon 
may be doing they are certainly not creating potency. 
Experimental evidence for this statement has long 
been available, and on a later page novel evidence will 
be given that free carbon does not endow iron with 
potency. 

Although this brief examination of the action of 
each element of the various carbides has failed to 
identify the potency-creating power with any par¬ 
ticular element, there is one consideration that seems 
to provide a clue. Each of the three carbides used in 
magnet steels is an effective creator of potency, and 
when it is borne in mind that the only thing these 
carbides possess in common is carbon, it is difficult to 
resist the conclusion that in a solute molecule that 
creates potency, carbon is the dominant element. 
True, it does not act by itself. Alone it is powerless, 
and apparently it is necessary for it to combine with 
auxiliary elements j yet when so combined in a solute 
molecule tlie atom of carbon appears to play the 
leading part. 

If iron were an ordinary element, the rest of the 
story of steel as a solution could be told without more 
ado. It would almost suffice to refer to some good 
textbook treating of solutions in general,* for apart 
from the extreme slowness of travelling molecules in a 
solid, steel would behave much in the same way as 
the more familiar liquid solutions. But if there is any 
such thing as an ordinary element it is certainly not 
iron. It would be less wide of the mark to d^cribe 
solid iron as four interchangeable elements, for it can 
exist in any one of four states which differ from one 
another almost as widely as one element differs from 
another. Of these four different kinds of matter, all 
described as iron, one is familiar to everyone because 
it happens to exist at ordinary temperatures. Of the 
other three it can only be said, at present, that although 
beyond the reach of the chemist, they are gradually 
becoming known to the metallurgist. It is this an¬ 
omalous kind of matter that plays the part of solvent 
in steel, and its protean transformations must now 
receive attention. 

(7) Iron as an Allotropic Element. 

The word allotropywas coined a hundred years 
ago by the chemist Berzelius to describe certain 
strange substances, visibly and quite remarkably 
different in outward form, yet chemically indistin¬ 
guishable from one another, and therefore presumably 
merely different forms of the same element. Carbon,t 
which takes the form of diamond, or graphite, or soot, 
is a familiar example. Another example is sulphur, 

♦ Mr. Whetham’s ** Theory of Solution ” (Cambridge University Press) gives a 
comprehensive account of the subject. • 

t ^bon again I But this time merely as a handy illustration and not as 

the dominant element in a solute molecule. 


which can exist as beautiful yellow crystals or as a 
sticky brown mess. Iron is not allotropic in this obvious 
sense; it undergoes no visible or tangible changes. 
Yet its allotropic transformations, although they malce 
no direct appeal to our senses, are even more extra¬ 
ordinary tlian the difference between diamond and soot. 

The recognition of iron as an allotropic element has 
been a long time coming. The first sign appeared so 
long ago as the year 1600 when Gilbert, the early 
father of permanent magnetism, discovered that iron, 
when heated red-hot, became non-magnetic. Then, to 
come at once to more modern times, some fifty years 
ago Gore discovered a whole series of changes taking 
place in red-hot iron. He found that in addition to 
the magnetic change, the specific heat, electric con¬ 
ductance, molecular structure and other characteristics, 
all showed marked changes when iron is heated above 
a red heat, indicating that it was far from being a 
normal element. Somewhat later Barrett discovered 
the phenomenon of recalescence, another sign of 
allotropy. 

But the first systematic investigation of the allotropy 
of iron was begun in 1887 by F. Osmond, who set out 
to determine the temperatures at which iron changes 
from one state or variety to another. Every trans¬ 
formation of the kind is accompanied by an absorption 
or emission of energy in the form of heat, and on a 
time-temperature curve obtained from a test specimen 
that is being gradually heated or cooled an absorption 
or release of energy will be indicated by a more or less 
sudden, but temporary, alteration in the slope of the 
curve. It is possible to ascertain the temperature at 
which an allotropic transformation takes place by 
noting the position of the corresponding change in 
slope, but usually the changes in the slope of time- 
temperature curves are slight and by no means e^y 
to detect with certainty. Osmond got over this diffi¬ 
culty by making direct observations, of the slope itself. 
In principle, the quantity to be observed is the rate 
of change of temperature with time, or the reciprocal 
of that quantity. In practice it is easier to obser\^e 
the reciprocal or inverse rate, and Osmond's inverse 
rate curve is obtained by observing the successive 
intervals of time corresponding with successive small 
increments, or decrements, of temperature, the time 
intervals being plotted as co-ordinates .with the tempe¬ 
rature. Any departure from the normal rate of heating 
or cooling is indicated by a marked excursion of the 
curve from its normal course, and hence excursions 
indicate absorption or release of energy by the specimen 
under test. By this ingenious method of observation 
Osmond definitely ascertained the existence of toee 
allotropic varieties of iron, and provisionally determined 
the temperatures which constitute the boundaries 
between the different varieties. 

The information afforded by Osmond's inverse rate 
method, and other differential methods derived firom 
it, is mainly quaUtative. An excursion of the curve 
from the normal course indicates the fact that an 
absorption or emission of energy took place, and points 
to the temperature at which the phenomenon began, 
attained its greatest activity, and came to an end. 
Blit that is all. Moreover, the toe element only 
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appears as a dijfferential, and to ascertain the duration 
of eoiy absorption or emission of energy it is necessary 
to integrate the inverse-rate curve. The author has 
naturally made constant use of Osmond's method, 
but in this paper it will be necessary to pay particular 
attention to duration, because time is the key to 
hardening, and for that reason the allotropic changes 
in carbon steel and tungsten steel will be illustrated by 
curves plotted to a scale of time. 

To acquire a sense of proportion with regard to the 
various allotropic transformations, it is necessary to 
measure the energy changes associated with them. 
This has frequently been attempted, usually with 
inconclusive, if not erroneous, results. The first experi¬ 
ment of the kind was made by Hopkinson, who tried 
to measure the energy released in iron and in carbon 
steel during the magnetic change.* Up to the present 
tune the best experimental values are those obtained 
incidentally by Wust, Meuthen and Durrer in the 
course of their recent determinations of the specific 
heat of pure iron in its different allotropic states.| 
Their method was to heat the test specimen to the 
required temperature and then to drop it into a Hunsen 
ice c^orimeter and measure the total energy, each 
experiment being performed from beginning to end in a 
vacuum. In this way specific heats were determined 
with remarkable accuracy. The allotropic energy of 
the different transformations is readily deduced from 
the observational data, and the temperatures at which 
the transformations occurred were ascertained with a 
precision not previously attained. Pure electrolytic 
iron was employed, hydrogen and any other gases 
present in the iron being removed by melting the test 
specimen under a vacuum. 

The more important facts relating to the allotropy 
of pure iron are given in Fig. 1 in the form of a diagram, 
in which the boundaries between the different varieties 
are shown against the scale of temperature. The 
diagram has been prepared by the author to represent 
present-day knowledge so far as possible, and is of 
course founded on the researches of Osmond and those 
who have followed him, with the addition of the 
quantitative data determined by Wust and his co- 
workeis. In the case of the energy which is absorbed 
or emitted over a somewhat ill-defined range of tempe- 
^rature extending from about 800® C. downwards, 
nearly to 0° C., the major portion arises from some 
unknown cause, and occurs below the point at which 
iron loses or regains its paagnetism. It seemed worth 
while to distinguish between this unidentified energy 
and that properly attributable to the magnetic change, 
and the present writer has therefore computed the two 
quantities separately from the observational data given 

by Wust. The values so calculated have been inserted 
m Fig. 1. 

Osmond, .havmg recognized the existence of three 
a mtropic varieties of iron, named them Alpha iron," 
Beta iron" and " Gamma iron," in the order of 
ascending temperature. More recently a fourth variety 



fias been discovered between Gamma iron and molten 
iron, and this is referred to as " Delta iron," Whether 
at temperatures belovr 0® C. iron assuines any other 
allotropic states does not seem to be known. 

Ordinary iron, the’most familiar of all metals, is 
Alpha iron. It is tfie iron of chemistry and has an 
international atomic weight of 66».86.* The specific 
heatat, 0®C. is 0*1055, precisely what theory expects 
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Fig. 1.— ^Allotropic varieties of iron. 


it to be.f ItL short. Alpha iron behaves in every way 
as an old-fashioned chemical element should do. 

Alpha iron is magnetic, the molecule of two atoms 
having a magnetic moment of about 4*0/1020 C.G.S. 
units. With this moment, when all the Alpha molecules 
in a given volume are fully oriented, the magnetic 
moment of the oriented or magnetized mass is 1 700 




the elements and then: atomic weights. 

i/I kinetic theory of gases the formula for specific heat is 

4(n-[- where ^ is the ^ constant, J the number of ergs in one 

c^one, m ihe mass of tte atom. Tn a solid »is 3, and on this basis the speeific 
heat of solid iron shoulu^be 0’1058,. which agrew well with Wtist's observed 
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C.G.S. units per cm®; equivalent . to a permanent directly concerned with, the precursor effect and it 
magnetizing force of 17 OQO ampere-turns per cm of must be 'passed over with this bare reference. ^ 

length along the axis of magnetization. At about 770° C. Alpha iron begins to change into 

For the purpose of this paper it is unnecessary to Beta iron. This transformation is effected within a 
describe in detail the many phenomena observed in iron temperature range of about 40 degrees and is practically 
as the temperature is raised from 0°C., or thereabouts, to complete at 810° C.* Alpha iron is magnetic. Beta 
the melting point. But attention may be directed to the iron is entirely non-magnetic. That is to say, when 
more significant among them, in order to mark the iron passes from one state to the other the molecules, 
fundamental character of the allotropic modifications. one after another, transform their electron orbits from 
The first indication of anything abnormal in the the magnetic arrangement, in which their magnetic 
behaviour of iron, as it is heated, is the gradual increase axes all point the same way and endow the Alpha 
in the apparent specific heat,* a sure sign that the heat molecule with its known magnetic moment and magneto- 
communicated to Alpha iron is not all utilized in raising motive force, to the non-magnetic arrangement in 
the temperature; some of the energy taken in as heat which the algebraic sum of the inagnetic moments of 
is doing something else, probably effecting a change of the orbits in the molecule is zero. In plain English, 
some kind in the structure of the iron. This precursor when Alpha transforms itself into Beta, iron becomes 
effect, to give it a name, is noticed in nearly all metals, virtually a different element, the molecule having been 
and it generally occurs as the melting point is reconstructed on a different plan. This fundamental 



approached. The singularity in iron is that the pre¬ 
cursor effect seems to have no relation to the melting 
point. It becomes noticeable immediately above 
0° C. and comes to an end somewhere about 760° C., 
a temperatuire nearly 800 degrees below the melting 
point. It seems that in iron the usual precursor effect 
occurs once for all while the iron is in the Alpha state, 
for it is significant that there is no such effect just 
below the melting point. It is a curious fact, and 
possibly one of significance, that tlie extraordinary 
temperature variations in the magnetization of Alpha 
iron, discovered by Hopldnson,t closely follow the 
course of the precursor effect. We are, however, not 

♦ When considering allotropic changes, specific heat Is a trap Jp*' the 
unwary. Definitions of specific heat tacitly assume that tlie whole of the heat 
communicated to the substance goes to raise its temperature. When ttot is 
M then the quantity measured is the true spedflo heat. But vfhen an altotropic 
diange is in progress and absorbing energy, some of ^e heat supph^ to tte 
substance is used for that purpose and only the balance S'*®?, f 

temperature. The observed quantity is then the apparetU specie heat. The 
apparent specific heat of boili^ water or a melting metd, or of iron diangmg 
from Gamma to Delta, is infinite* ^ 

t J. Hopkikson, loc. dt. • 


reconstruction is marked not only by the entire loss of 
magnetic moment and magnetomotive force, but by 
an equally significant change in the specific heat; a 
change which points directly to some kind of atomic 
reconstruction. 

Alpha iron being magnetic and Beta iron non¬ 
magnetic, the curve exhibiting loss of magnetism as 
the temperature rises from 770° to 810° C. indicates 
with the greatest precision the progress of the allotropic 
change from Alpha iron to Beta iron.-f A curve of 
this kind determined for the purpose of this paper, 
from a specimen of very pure Swedish iron, is shown 
in Fig. 2. The intensity of magnetization is expressed 

♦ Very slight differences in the condition of pure iron, the presence of traces 
of absorbed gas, and other causes, are found to affect the temperatures at 
which the allotaopic changes occur, frequently by as much as 10 degr^s and 
sometimes even more. For this reason all the temperatures given in the text 
must be regarded as liable to modification. They are m all cases values 
actually observed in particular experiments. . \ x . x i. 

t The author is responsible for this truism. No such statement is to be 
found in the textbooks. Indeed, whenever magnetism comes into view 
metallurgical writers seem only too ready to pass it by on the other side. 
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as a percentage of the intensity observed when the 
iroif was •wholly of the Alpha variety, and consequently 
the percentage intensity at any stage in the trans¬ 
formation is also the percentage of Alpha iron in the 
total mass of iron. Towards the end of the trans¬ 
formation the magnetic intensity approaches zero so 
very gradually that it is impossible to give an exact 
hgure for the width of the temperature zone within 
which the entire change from Alpha to Beta is effected. 
But examination of a number of curves of the loss and 
recovery of magnetism in pure iron shows that 99 per 
cent of the whole transformation is effected within a 
temperature range of 37 i 1 degrees, so that the width 
of the temperature zone of the magnetic change from 
Alpha to Beta, or vice versa, may be put in round 
figures at 40 degrees for pure iron. The re-arrang- 
ing of the electron orbits in any individual molecule 


put at 919® C., Beta iron is entirely converted into 
Gamma iron, provided sufficient time is given to effect 
the change, which is essentially a slow process. On 
passing the boundaiy^ formed by the critical temperature 
the mechanical and other properties of iron undergo 
further abrupt changes; but tliere is no magnetic 
change, Gamma iron being non-magnetic. The specific 
heat of Gamma iron is constant. 

At a critical temperature, which Wiist has deter¬ 
mined as between 1404® and 1406®C., Gamma iron is 
transformed into Delta iron, with a sudden incre^e of 
50 per cent in the specific heat. The iron remains in 
this state up to the melting point and, tlie specific 
heat of Delta iron being constant, there is clearly no 
absorption of energy as a precursor to fusion. 

Last of all, at 1528® C. pure iron melts. There is a 
large absorption of energy, a sudden decrease in 



of iron being practically instantaneous, the •width of 
the temperature zone should be entirely unaffected by 
^ differences in rates of heating and cooling. The author has 
verified this for rates varying from 1 degree a minute 
up to 12 degrees a minute, there being no observable 
difference in the width of zone within these limits. 

At any given temperature within the narrow zone of 
40 degrees, Alpha and Beta molecules exist together, 
in equilibrium, in a definite proportion, like two metals 
in an alloy. Any change in temperature in either 
direction is necessarily accompanied by a corresponding 
change in the proportion of Alpha molecules to Beta 
molecules. Besides the magnetic change, abrupt 
changes in mechanical and other properties are noticed 
as Alpha iron changes into Beta iron. The specific 
heat of Beta iron is constant, indicating that all heat 
communicated to it goes to raise the temperature. 

The next transformation occurs at a critical tempe¬ 
rature which Wust found to be somewhere between 
918® and 920® C. At this temperature, which may be 


specific heat, a remarkable change of state, and an 
abrupt and totailoss of mechanical strength. All these 
are characteristic sjonptoms of an allotropic change, 
yet for some reason, or for no reason, fusion is not 
included among the allotropic changes.* 

When molten iron cools, the allotropic transforma¬ 
tions take place in the reverse direction, one after the 
other, and the allotropic energy absorbed at each 
change of state is released again and appears in the 
form of heat. Many observers have noticed that, on 
cooling, the transformations occur at temperatures a 
few degrees below the points at which they took place 
when the temperature was rising, but careful observa¬ 
tion has failed to disclose any difference in pure iron 
between the temperature of the change from Alpha 
to Beta and the reverse change from Beta to Alpha. 
This is illustrated in Fig. 3, which records an experi. 
ment on the point made for the purpose of this paper. 

* The probable reason is that fusion was discovered by primitive man; 
and being primitive, he knew nothing of the art of coining a word from the 
Greek whenever anything happens that is not imderstood. 
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The curves of loss and recovery of magnetism given 
^n the figure show that within the limits of experi¬ 
mental error (about 2 degrees C.) the change from 
Alpha to Beta coincides exactly with that from Beta 
to Alpha. The author has obtained similar curves at 
widely different rates of heating and cooling without 
finding any evidence, so far as pure iron is concerned, 
that the position of the temperature zone of this trans¬ 
formation on the scale of temperature shifts up or 
down according to whether the iron is being heated or 
cooled. 

Among the allotropic phenomena briefly described 
in the preceding paragraphs, two are of primary 
importance, namely, the magnetic change and the 
marked changes in specific heat. Both point directly 
to some change in the atom or molecule. The kind of 
reconstruction implied by the magnetic change has 
already been indicated. The import of a sudden 
ehange in specific heat is equally fundsunental. True 
specific heat is inversely proportional to atomic weight, 
and the specific heats of the four varieties of iron, 
namely 0-1055, 0-1592, 0-1448 and 0-2142, correspond 
with atomic weights of about 56, 37, 41 and 27. Hence 
if it were not known that Alpha, Beta, Gamma and 
Delta were varieties of iron it might well be supposed 
that they were four distinct elenients of those atomic 
weights. Now 66, 37, 41 and 27* being approximately 
the afomic weights of iron, chlorine, calcium and 
aluminium, the natural inference to draw seems to be 
that Alpha, Beta, Gamma and Delta iron differ from 
each other in much the same degree as those four 
elements do. It is not suggested that iron which begins 
as an irreproachable international element actually 
converts itself successively into chlorine, calcium and 
aluminium, but it manifestly does something quite as 
revolutionary in effect. 

So far no explanation of the allotropy of iron has 
been forthcoming. The specific heat of Delta iron 
being about twice that of Alpha, it might be supposed 
that the atom of Alpha iron breaks up to form two 
atoms of Delta, the positive nucleus of the Delta atom 
containing half the nuinber of protons and therefore 
constituting an atom of about half the atomic weight. 
But conjecture, however plausible, is of little use, and 
the time is hardly ripe for an explanation of the allo¬ 
tropy of iron. It will eventually come from a better 
knowledge of the construction of the atom and the 
way it works, as a dynamic system. 

(8) Carbon Steel. 

Turning again to the consideration of steel as a solu¬ 
tion, we come back to our subject fully aware of the 
extraordinary nature of the solvent iron. It is in this 
shifty element that the several kinds of carbide used 
in magnet steels must be dissolved. Now the carbides 
dissolve freely enough in Delta, Gamma and Beta iron, 
but these varieties of iron all being non-magnetic are, 
of course, useless as the foundation of a permanent 
magnet. To make a magnet the steel must be magnetic, 
that is to say, the iron must be in the Alpha state, 
and unfortunately none of the carbides at present 
available for use in magnet steel dksolve in Alpha 
iron, under normal conditions, in shfficient quantity 


to mak^ a powerful magnet. In these circumstances, 
in order to convert the steel into a material fit for'*the 
purpose, it is necessary to make use of a process of 
unique character handed down to us from time imme¬ 
morial. The steel is first heated so as to transform the 
iron into Beta or Gamma, in order that a sufficient 
quantity of carbide may be dissolved in it, and then, 
by means of the ancient process called hardening, the 
whole quantity can be retained in solution when the 
iron, on cooling down, returns to the Alpha state. 
The state of things brought about in this way is quite 
abnormal, the solution being in unstable equihbnum; 
nevertheless, no better way of making a good permanent 
magnet is known at the present time* A compre¬ 
hensive account of hardening will be ^ 

Section (16), and in the meantime it is enough to know 
that in hardened magnet steel all the solute carbon 
compounds are held in solution, thus giving the steel 


the required potency. 

Nowadays, carbon steel is seldom or never used for 
permanent magnets; but as a solution containing only 
one solute substance, the carbide of iron FegC, it uml 
afiord the simplest possible illustration of the prin¬ 
ciples underlying the process by which steel is made 

fit for use as a magnet. j- j. i , 

Wlien carbon is put into molten iron it immediately 
dissolves. There is no direct proof that the carbon 
first forms the carbide FejC, which then becomes ^e 
solute substance in the molten iron, but the prooa- 
bilities all seem to point that way. The best evidence 
that the molten iron, with the carbon in it, is a so u- 
tion, is the fact that the temperature at which fte 
liquid begins to solidify is progressively lowered as tn 
proportion of carbon is increased. 

The temperatures at which Delta changes into Gamma, 
and Gamma into Beta, show a similar 
with increasing carbon. Making use of a ° 

illustration introduced by Roberts-Austen, all thes 
temperature-changes may be shown as so many cu^es 
in a diagram, each curve marking the temperature 
boundary between different states in wHch the iron- 
carbon solution or alloy, carbon sted, can 
Roberts-Austen iron-carbon diagram m its entirety is a 
highly complex affair, and a perennial source of con¬ 
troversy among metallurgists, who are by no me^ 
agreed either as to how the diagram should be dra^ 
or as to the interpretation of the facts it is inten e 
to embody. In this paper, however, we are 
cemed with the first and least contentious o* 
diagram, where it relates to iron-carbon solutions 
containing amounts of carbon not ^ceeding one pe^ 
cent, since magnet steels never contain more than th 
proportion. This part of the diagram is stwn m 
Fig. 4, where all the boundarj' hnes have been plott^ 
from such observational data as are available a 
present time. 

In pure iron, solidification occurs at a 
temperature, but witli the introduction of carbon the 
solidjfmng process becomes selective and extends ove 
anri wider ranffe of temperature as the percentag 


I hardening, 

made by accident. Some 
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of carbon increases; This is illustrated in the, diagram 
by^ie lines AL and AS, which mark the boundaries 
where solidification begins and ends respectively. 

The temperature boundary where the iron changes 
from Delta to Gamma is approximately indicated by 
the line DY, which begins at the temperature deter¬ 
mined by Wiist for pure iron, and passes through a 
point determined for the author by Mr. R. Rolfe for a 
steel containing 0«7 per cent of carbon. It has been 
assumed that as regards curvature this boundary 
would resemble that between Gamma and Beta iron. 

V • The boundary line GE shows where the iron, on 



Beta transformation is so much greater than that of 
the Beta-Alpha or magnetic change, that the two 
phenomena begin to overlap when the carbon content 
is about 0*6 per cent. As the carbon is increased 
beyond that proportion and the extent of overlapping 
grows, it becomes increasingly dif&cult to secure experi¬ 
mental conditions that will result in a record of the 
two allotropic changes as distinct effects; with a 
falling temperature, for example, the heat emitted as 
the result of the Gamma-Beta change becomes only 
too easily merged in that associated with the Beta- 
Alpha transformation. 

We are now in a position to follow the course of 
events as some particular specimen of carbon steel 
cools down and the iron passes in succession from 
Gamma to Beta and Beta to Alpha. The specimen 
chosen by way of example is one from which thennal 
and magnetic data have been obtained to illustrate 
this paper, being a pure carbon steel containing 0*687 
per cent of carbon, by analysis. Steel of about this 



, Fig. 5. —^Demagnetization curves of pure carbon steel:— 

Curve A, the steel in the softened state. 

Curve B, the sted completely hardened. 


cooling, changes from Gamma into Beta. This line 
and the two solidification lines have been plotted from 
experimental data obtained by Carpenter and Keeling.* 
Below the Gamma-Beta boundary are the diverging 
temperature zones, MH and MC, within which the 
Alpha to Beta and Beta to Alpha transformations 
occur during heating and cooling respectively. These 
have been plotted from curves, obtained by the author, 
representing the loss and recovery of magnetism. It 
will be noticed that with increasing carboii content 
the gradual lowering of the temperature of the Gamma- 

vol Keeling ; Jouma of the Iron and Stea ZnstUute, 1904, 


■carbon content makes a good magnet and represents 
the material commonly used for the purpose before 
the introduction of tungsten magnet steel. The two 
demagnetization curves given in Fig. 6 were obtained 
from a specimen of this steel, first in the softened con¬ 
dition and then in the hardened state. Curves of the 
loss and recovery of magnetism in the same steel are 
shown in Fig. 6, and it will be noticed at once that the 
introduction of carbon has not only lowered the general 
position of the curves on the scale of temperature, 
but also brought about a wide separation between the 
temperatures ati*which loss and recovery of magnetism 
occur. 
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The rate of change of temperature with time, as 
the steel cools down through the Gamma-Beta-Alpha 
transformations, is shown in Fig. 7, where the rate of 



change of magnetic intensity and the corresponding 
portion of the time-temperature curve are also given, 


having ^solidified, the iron remains in the Delta s^ate 
over a range of 30 or 40 degrees and then transforms 
itself into Gamma iron. In this state it remains over 
a wide range of more than 400 degrees. So far, nothing 
has happened that suggests any change in the steel 
as a solution. There does not appear to be any direct 
proof to be had, but it is universally believed that in 
the Gamma iron the carbon is still in solution and that 
the solute is the carbide of iron, Fe 3 C. The cooling 
continues and at a temperature of 757® C., reading 
from Fig. 4, which is based on determinations by 
Carpenter and Keeling, or at 764® C. reading from 
Fig. 7, which contains the author's determination of 
the same point, the first sign of a departure from the 
normal rate of cooling makes its appearance; Gamma 
is beginning to be converted into Beta and the asso¬ 
ciated allotropic energy begins to be released as heat 
(Fig. 7). Three minutes later, at about 716® C., the 
first sign of magnetism appears, indicating the beginning 
of the change from Beta to Alpha. At about 6 minutes 
the completion of the transformation of Gamma into 
Beta is marked by the abrupt change, seen at P, in 
the course of the differential curve. At llj- minutes 
the recovery of magnetism is complete, showing that 
the whole of the iron has been converted into Alpha iron. 

Here we must stop to inquire what has become of 



Fig, 7.—Pure carbon steel cooling from 900® C. Curves showing fall of temperature, dep^ure from the normal rate of 
cooling consequent on the release of energy as heat (middle curve), and rate of change of magnetic intensity 
during recovery of. magnetism. 


all these observational data having been obtained con¬ 
currently. For convenience, the scale of time starts 
from the point where the differential curve first begins 
to depart from the normal course. 

In Fig. 4 the cooling of the specimeii of carbon steel 
is represented by the vertical line* XJV, The steel 


the surplus proportion of carbide of iron which is not 
soluble in Alpha iron. The total quantity of carbide 
in the steel being known, the surplus can only be 
ascertained if we can discover how much carbide is 
retained in solution hy Alpha iron. Information 
on this point is scanty and vague. Carbon steel, even 
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when softened, is much harder than pure iron, from 
whfch it may be inferred that it contains some carbide 
in solution, though not so much as there is in hardened 
steel. As to the amount, we have only the casual 
statement occasionally to be met with, that steel 
containing no more than 0-26 per cent or 0*30 per 
cent of carbon (for different amounts are named) 
cannot be hardened.* The statement is true enough, 
but presumably what it means is not that steel contain¬ 
ing, let us say, 0 • 26 per cent of carbon is no harder than 
iron, but that when heated red-hot and plunged into 
water it is no harder than it was before. To anticipate 
a little, it is easy, by magnetic means, to ascertain 
approximately the amount of carbide in solution in 
steel '' that cannot be hardened,'' and the amount 
that apparently dissolves iyi Alpha iron is found to 
correspond roughly with a carbon content of 0*26 per 
cent. Deducting that percentage from the total carbon 
content of the specimen of carbon steel, namely 0*687 
per cent, the remainder, 0 * 427 per cent, represents the 
surplus carbide that is left with no available solvent 
when the whole of the iron has been converted from 
Beta into Alpha iron. Hence when that transformation 
takes place, the surplus carbide crystallizes out of 
solution, and in doing so the associated energy which 
went to create and maintain the state of solution is 
released as heat. The energy is considerable. In the 
present example it amounts to, roughly, 40 joules per 
gramme of steel, to which must be added about 6 joules 
per gramme for the energy released when Beta iron 
changes into Alpha. Altogether the energy released as 
heat was not far short of 60 joules per gramme of steel, 
the emission beginning at the third minute and spread¬ 
ing over about 8 minutes (Fig. 7). It is the emission 
of this heat, at an increasing rate, that gives rise to 
the extremely rapid variation in the rate of change of 
temperature which is noticeable in tlie curve in. Fig. 7 
between the points P and Q. The quantity of heat 
was sufficient to cause slight recalescence, the rise in 
temperature attaining a maximum at the point R. 

The irregular oscillations in the curves in Fig. 7 
may be just referred to in passing. They have their 
origin in experimental conditions for the most part, 
and proceed from thermal causes analogous to those 
which set up " hunting " in moving machinery. This 
sort of thermal hunting is seldom entirely absent in 
such experiments as these, and it is one of the many 
difficulties in the way of exact measurement. 

The carbon steel specimen has now cooled down 
into the final stage in which the iron is wholly of the 
Alpha variety. Of the total amount of carbon in the 
form of carbide, namely 0*687 per cent, only 0*26 
per cent remains in solution ; the surplus 0 * 427 having 
crystallized out of solution because Alpha iron cannot 
in normal circumstances dissolve so much. 

At this point it will be useful to recall the behaviour 
of a saturated solution of salt in water, in order to 
contrast it with the fundamentally different behaviour 
of steel as a solution. When the temperature of the 
salt solution is lowered the proportion of . salt that is 
surplus at the lower temperature comes out of solution. 


Fall of temperature and quantity of surplus go together, 
and the amount of salt remaining in solution is solely 
a matter of temperature. In the course of these changes 
the solvent itself undergoes no modification; water it 
was, and water it remains. Contrast this with what 
happens in the steel, where it is the chameleon-like 
solvent that changes. It is converted from one land 
of substance to another of a very different kind, from 
Beta iron to Alpha iron, and the surplus of solute 
arises from the fact that the carbide is less soluble in 
Alpha than it is in Beta; very much less soluble. 
Moreover, the amount of surplus is not governed by 
temperature, except within the narrow range where 
Beta is undergoing conversion into Alpha. Once that 
conversion is complete the surplus solute is a fixed 
quantum, the difference between the amount of carbide 
originally present in solution in the Beta iron, and the 
amount which Alpha iron can retain in solution as a 
S 5 rstem in stable equilibrium. 

To create in the salt solution something analogous 
to the state of things in the steel, it would be necessary 
to endow the water with the power of transforming 
itself into, say, alcohol, and to suppose salt to be much 
less soluble in alcohol than it is in water. Then if, in 
a saturated solution of salt, the water happened to 
change into alcohol, the surplus salt would crystallize 
out of solution, just as the surplus carbide does when 
Beta changes into Alpha iron, and for the same reason. 
In a salt solution, such a transformation of the solvent 
as we have imagined would be regarded as an unex¬ 
ampled happening in a solution, yet when the change 
occurs in the solution called steel, metallurgical writers 
pass it over without so much as a hint to their readers 
that anything at all out of the way has taken place. 

(9) Carbon Steel: The Quantity of Carbow in 
Solution and the Resulting Potency. 

The relation between the carbon content and the Hop- 
kinsonian coercive force of carbon steel in the hardened 
state was determined many years ago by Madame 
Curie * from a number of specimens of steel containing 
different proportions of carbon, the coercive force of 
each specimen being measured and the carbon content 
determined by analysis. The data so obtained, when 
plotted as co-ordmates, gave the curve which is repro¬ 
duced in Fig. 8. The test specimens being in the 
hardened state, it may be assumed that the whole of 
the carbon was in solution as carbide of iron, and 
looking on coercive force, as a measure of the potency 
of the steel, the curve gives the empirical relation 
between the proportion of carbide in solution and the 
resulting potency. 

The reversed curvature of the carbon-coercive- 
force curve suggests that two opposing actions are at 
work, but of their nature nothing is known. There 
can be little doubt that a complete interpretation of 
the entire curve will one day be forthcoming, and when 
it appears it can hardly fail to throw light both on 
the mechanism of solution and on the molecular pattern 
that gives rise to potency in steel. 

Meanwhile, the carbon-coercive-force curve is useful 


♦ See, for e^mple, Sauveur : ** The Metallography and Heat Treatment 
of Iron and Steel,p. 295. (Sauveur and Boyston, Cambridge, Mass., U.S.A.) 


* Kfme. Curts ; ** ftopri^t^s litagndtiques des Aclers Tremp^s,’* BuUdin 
di la SodHd d^Emourage^ent, 1898, vol. 3. • , 
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merely as a means for ascertaining one co-ordinate 
wlien the other is known. For example, by measuring 
the coercive force of a piece of softened carbon steel 
and referring to the curve (Fig. 8), the quantity of 
carbide of iron in solution is determined : a measure¬ 
ment that gives the solubility of the carbide in Alpha 
iron under conditions of equilibrium, provided the 
steel contains an excess of carbon. To soften the 
steel it vvoidd be sullicient to maintain it at a tempe¬ 
rature of about TOO'^C. for 10 minutes, thus giving 
ample time for all the surplus carbide to pass out of 


dated, and for this reason the curve reproduced* in 
Fig, 8 must be regarded as no more than a good 
approximation. Nevertheless, Mine. Curie*s observa¬ 
tional data demonstrate conclusively that the relation 
between carbon content and coercive force in hardened 
carbon steel is expressed by a curve of reversed 
curvature, an S-shaped curve. In the following section 
we shall see that just as the solute molecule Fe 3 C in 
carbon steel results in a curve of S shape, so other 
solute molecules of the potency-giving kind give rise to 
curves of similar shape. 



I'lG. 8,—Pure Ciirbon steel in the hardened state. Relation of coercive force to carbon content. (Mme. Curie.) 


.solution, and leaving in .solution onl^ that quantity 
wlikh is naturally soluble when the iron i.s in the Alpha 
state. The specimen of carbon steel referred to in 
Section (8) serves for a determination of this kind. 
Tlio demagnetization curve (Fig. .'>) for this steel in 
the softened state shows that the coercive force in 
that condition was 9 • S. Reading from Mme. Curie s 
curve (Fig. 8), the corresponding carbon content is 
found to l)c about 0-2« per cent, or 27 molecules of 
carbide per 1 000 molecules of iron. From this it 
appears that 1 000 diatomic molecules of Alpha iron 
can retain 27 molecules of the carbide (FcgC) in solu¬ 
tion : the surplus carbide, amounting in the present 
example to 44 molecules per 1 000 of solvent iron, 
having cry.stallizcd out of solution when the Beta iron 
changed into Alpha. 

At the time Mme. Curie’s experiments on cMbon 
steel were made, the difficulty in ensuring identity in 
the composition of the magnetic test-'l)iece and that 
of the sample chosen for analysis was not fully appre- 

VOL. 63. 


(10) Tungsten Steel: The Caubioes and 
Coercive Force. 

Tungsten magnet steel might be described as carbon 
magnet steel in which about half the carbide of iron 
has been replaced by carbide of tungsten, the total 
content of carbon remaining unchanged. The effect 
of this part replacement of one solute substance by 
another is to increase the Hopkinsonian coercive force 
from rather less than 60 to rather more than 70, and 
this increase in potency leads to a large increase in 
the magnetic energy which the hardened steel can 
maintain, the useful energy being about 7 200 ergs 
per cm® for carbon steel and as much as 14 000 ergs 
for good tungsten steel. This improvement in useful 
effect is all the more remarkable because carbide of 
tungsten by itself is unable to accomplish it; it needs 
the cumulative action of both the carbides. 

Quite apart from the significance of the changes in 
th^ magnetic properties of steel that,follow the intro- 
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du(jtion of tungsten, metallurgists have been, and 
probably still are, divided in opinion as to the com¬ 
position of the carbon compounds in tungsten steel. 
There seems, however, hardly room to question the 
conclusions arrived at by Arnold and Read from their 
analyses of the carbide residues of tungsten steels in 
the softened state. Assuming their interpretation to 
be correct, the formation of. the series of compounds 
found in tungsten steel may be briefly described as 
follows : We shall begin with a mass of pure iron 
containing N atoms of iron, the quantity being defined 
S 3 mibolically as .^Fe. If x atoms of tungsten are 
added to the mass, they combine witli 2a? atoms of 
iron as the tungstide of iron Fe 2 W, a compound which 
dissolves in the remaining iron. The solution so 
formed is represented by (N — 2a?) Fe -f icFcgW. We 
now add y atoms of carbon to the solution, and 
tungsten having a greater affinity for carbon than for 
iron, y atoms of tungsten leave the tungstide of iron 
in order to combine witli the carbon as the carbide of 
tungsten WC. This seta free 2y atoms of iron, and hence 
the solution is now 

(jV - 2a? + 2y)Fe i- (x ^ y)Fe^W + yWC, 

the carbide of tungsten dissolving in the iron. 

By increasing the quantity of carbon, we next arrive 
at a stage when the proportion of carbon to tungsten, 
by weight, is that of the atomic weights of the two 
elements, namely 12 to 184. With this proportion 
the quantity of carbon just suffices to combine with 
the whole of tlie tungsten. That is to say y ^ x, tJie 
whole of the tungstide of iron having been decom¬ 
posed. The solution is now NFe -4- a?WC, being 
solely carbide of tungsten dissolved in iron. To this 
solution we now add some more carbon. The additional 
carbon combines with some of the iron as the carbide 
of kon FcgC, and if the number of carbon atoms added 
in this way is z, then the solution will be represented 
by {N — 3«)Fe -j- a?WC -{- ^FegC, both the carbides 
dissolving in the iron. This last formula represents 
the composition of tungsten magnet steel, and in good 
magnet steel z is approximately equal to x ; that is to 
say, the number of molecules of carbide of iron is 
roughly equal to the number of molecules of carbide 
of tungsten. Since each solute molecule contains one 
atom of carbon, equality in number of molecules 
corresponds with equality in weights of carbon, equality 
in percentage weights. 

Two points should be noticed before going on. First, 
that although carbon combines easily with iron, yet 
when put into iron which alread}?’ contains tungsten, 
it combines with the tungsten in preference to the 
iron and only combines with the iron when all the 
tungsten has been utilized. Evidently carbon has a 
greater affimty for tungsten than it has for iron. This 
fact has an important bearing on the spoiling of tungsten 
magnet steel, a subject treated in Sections (IZ) and (14). 

The second point is one which deserves more atten¬ 
tion than it has received from metallurgical writers. 
The carbide residues on which Arnold and Read founded 
their conclusions were obtained from steels in the 
softened state in which, of course, the iron was of tlie 
Alpha variety.. ^It seems to be tacitly assumed that 


the particular carbon compounds proved by analysis to 
be present in Alpha iron at room temperatures, must 
also be present as identically the same compounds in 
Beta iron or Gamma iron at the high temperatures at 
which those allotropic varieties exist. The assumption 
is probably correct, but it would be more satisfactory 
if a proof of some kind could be found. 

In what follows it will be assumed, for the present 
without proof, that if the compounds WC and FcgC 
are present in Alpha iron then they must have been 
present also when the iron was in the Beta, the Gamma 
and the Delta states, present as identically the same 
compounds. 

Assuming the existence of the two carbides WC and 
Fe 3 C as the active solute substance in hardened tungsten 
magnet steel, it would be useful to know how and in 
what degree those solute molecules contribute to the 
potency of the steel. What is needed is a graph for 
tungsten steel expressing the relatioii between the 
carbon content and the coercive force, after the manner 
of Mme. Curie's curve for carbon steel. Some years 
ago the present writer would have said that observa¬ 
tional data for the preparation of such a graph existed 
in abundance. Numerous experimenters having pub¬ 
lished the values they had obtained for the coercive 
force of specimens of tungsten steel of widely varying 
composition, it seemed that it should only be necessary 
to bring those values togetlrer and the relation of carbon 
content and coercive force would be disclosed once 
for all. But on plotting various tests of the kind, 
culled from many sources, astonishing discrepancies 
became apparent in the results of different observers 
and even in those of the same observer. Not even an 
approach to systematic aiTangement could be dis¬ 
covered, and it became evident tliat to establish the 
required relation it would be necessary to investigate 
afresh from beginning to end. This the author deter¬ 
mined to do and the necessary experiments were put 
in hand. Many unforeseen difficulties were encountered, 
and it was only after several years of continuous 
research that the work was brought to a successful 
conclusion in the spring of 1923. 

A previous attempt of the kind had been made by 
Dr. Swinden * to establish the relation between carbon- 
content and coercive force in steel containing about 
3 per cent of tungsten, but tlie wide discrepancies in 
the observational data, partly attributable to the use 
of the magnetic balance of Du Bois, partly to other 
causes, completely masked the underlying law. 

In the author's investigation all the samples of steel 
contained the same percentage of tungsten, wliich 
was that commonly used in magnet steel at the present 
time, namely 6 per cent. The carbon content of the 
samples varied step by step from about 0*06 per cent 
up to 1*3 per cent. All the magnetic tests were made 
with an astatic moving-coil magnetometer giving 
direct readings, by miiTor and scale, of the applied 
magnetizing field and the resulting intensity of magne¬ 
tization. Test-pieces of ellipsoidal form were used 
throughout the research, in order to avoid the ambi¬ 
guities so frequently introduced into magnetometer 
r 

* T, SwiNpsN: “ The magnetic properties of a series of carbon'tuugsten 
sMs** Journal 1909^ vol. 42, p, 641, 
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work by the use of cylindrical test-pieces. On the identity* in carbon content was removed, and it y^as 

whole the accuracy of the magnetic tests was in excess only by the adoption of this method tliroughout the 

of what was needed, being considerably greater than final tests that consistent results were secured, 
the accuracy attained in’the analysis of steel. Ordinary chemical analysis only gives the percentage 

The distribution of carbon in a bar of rolled steel quantities of the various elements in the steel, it 

is seldom uniform, and in testing pieces of steel taken does not indicate whether and in what way the ele- 

from a bar it is always a matter of uncertainty whether ments are combined, and there is nothing to show 
the carbon content of the piece used for the magnetic whether the carbon, for example, is present as a carbide 


, Content o£ carbon Content of carbon 

as carbide of tungsten as carbide of iron 



Fig. 9.—-Tungsten magnet steel in the hardened state, the steel containing 6 per cent of tungsten. Relation of coercive 

force to carbon content. 


tests is identical with that of the sample chosen for or not. Now tungsten steel and cobalt steel are very 
analysis. In the preliminary tests many errors were rarely free from a defect described in a later section 
traced to this cause although the greatest care had been under the heading spoiled steel. In spoiled magnet 
taken to avoid them by choosing, as the samples for steel, the carbide compounds are partiaUy decomposed 
analysis, portions of the rolled bar immediately adjacent and therefore more or less ineffective bs solute mole- 
to the ends of the magnetometer test-piece. The cules of the potency-creating kind. In short, loss of 
procedure finally adopted was to prepare the magneto- potency, as the result of spoiling, is the rule, 
meter test-piece and then, after the completion of all . This prolific source of error runs through all previous 
the necessary magnetic tests, to analyse the test-piece work on tungsten magnet steels, and is largely responsible 
itself. In this way all chance of error from want of for the extraordinary discrepancies in the results obtained 
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by many different observers. It was essential to 
avoid it, and this was done by making use of the 
method of restoring spoiled steel described in Section (13). 
Some of the samples were obviously in need of restora¬ 
tion, others were practically unspoiled ; but to be on 
the safe side every sample was subjected to the process 
of restoration, whether it appeared to need it or not, 
this being done before making the magnetometer test- 
pieces. All the test-pieces were hardened by quenching 
them in an aqueous solution of calcium chloride from a 
temperature of 860° C. 

The final outcome of this prolonged investigation * 
is recorded graphically in Fig. 9 as a curve connecting 
percentage carbon content with coercive force in 
hardened steel containing 6 per cent of tungsten. It is 
at once apparent that the introduction of tungsten, 
which we have assumed to result in the presence of 
the two carbides WC and FegC, gives rise to two 
5-shaped curves. Si and S2, following one after the other. 

The proportion of carbon needed to combine with 
6 per cent of tungsten as WC is, of course, 6 multiplied 


Table 1. 


Carbon content 

Carbon steel 

Tungsten steel 

Gain ard 
loss of 
coercive 
force 

Carbide 

Coercive 

force 

Carbides 

Coercive 

force 

1st portion 
2nd portion 

Per cent 

0-39 

0-33 

O O 

14-2 

32-8 

WC 

FeaC 

46-0 

26-4 

30-8 + 
7-4 - 

Totals 

0-72 


47-0 


70-4 

23-4 -1- 


Gain axid loss of potency in magnet steel containing 
0-72 per cent of carbon, when about half the carbide 
of iron is replaced by tungsten carbide. 


force for curve S2 separately, for convenience in com¬ 
puting the coercive force of tungsten magnet steels. 

Carbon, when added to steel which already contains 
carbon in the form of carbide of tungsten, is not so 
effective in creating potency as it would be if added 
to steel containing the same quantity of carbon as 
carbide of iron. For this reason the gain in potency, 
consequent on the replacement of some of the carbide 
of iron by tungsten carbide, is partly set off by a loss 
of potency due to the diminished effectiveness of carbide 
of iron in tungsten steel. An example of this is given 
in Table 1 for steel containing 0 • 72 per cent of carbon, 
the total being divided into two portions, the first 
amounting to 0*39 per cent, and the second to 0-33 per 
cent. It will be seen that the gain of 30-8 units of 
coercive force, due to the introduction of 6 per cent of 
tungsten, is set off by a loss of 7 • 4 units as the result 
of the decreased efficacy of the carbide of iron. The 
table has been prepared from Mme. Curie's curve for 



Fig. 10.—^Loss and recovery of magnetism in tungsten 
magnet steel. 
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by the ratio of atomic weights, namely 12/184. The 
required proportion is therefore 0-391 per cent, and on 
referring to Fig. 9 it will be seen that 0-39 per cent of 
carbon corresponds quite well with the point of inflexion 
where curve SI ends and curve S2 begins. This is 
conclusive as to the origin of curve Si. The increasing 
potency, measured by coercive force, manifestly arises 
from the gradual introduction of molecules of carbide 
of tungsten, and the curve necessarily comes to an end 
at the point where the quantity of carbon just suffices 
for 6 per cent of tungsten. This, so far as the author 
is aware, is the first definite proof of the existence of 
the carbide of tungsten WC in hardened tungsten 
steel, and it is worth noting that the fact is established 
from magnetic data. 

Curve SI being clearly accounted for by the presence 
of carbide of tungsten, the second curve, S2, must 
arise fro^l the balance of carbon in excess of 0-39 per 
cent, and we may assume that it is in the form of 
c^bide of iron, FcgC. Scales have been added in 
Fig. 9 giving the percentage of carbon and the coercive 


♦ Work on the samples of steel was held in abeyance for over a vear oendl 
the discovery of an entirely trustworthy method of restorattonf ^ ^ 


carbon steel and the author's double curve for tungsten 
steel. 

It follows from the form of the curves SI and S2 in 
Fig. 9, that in ^a steel containing somewhere about 
0-72 per cent of carbon the content of tungsten may 
be varied considerably without materially affecting 
the coercive force, there being a certain degree of give 
and take about the two curves. This inference is 
borne out in practice, for the content of tungsten 
may be varied from about 6 per cent to about 6-6 per 
cent without causing any material change in coercive 
force. 

It may be anticipated that when the shape of Mme. 
Curie’s curve for carbon steel has been interpreted, 
the explanation of the two curves in series which 
express the relation of Hopkinsonian coercive force to 
carbon content in tungsten steel will also be forth¬ 
coming. These two curves have an immediate prac¬ 
tical use, however, for since they represent restored— 
that is to say unspoiled—^tungsten magnet steel, a 
comparison of the analysis of any particular batch of 
tungsten steel ^th the ordinates of the curves indi¬ 
cates at once the degree of spoiling, or decomposition. 
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as measured by the deficiency in coercive force. The 
author has also made use of the curves in Fig. 9 for 
another purpose, which will be referred to in Section (14). 

The temperatures at which the several allotropic 
changes take place in tungsten steel are known to be 
so nearly the same as those determined for carbon 
steel that the iron-carbon diagram, of which a portion 
has been given in Fig. 4, serves well enough for 
tungsten steel. One reservation must be made, how¬ 
ever. It has already been shown in Fig. 6 that in 
carbon steel there is a wide temperature difference 
between the curves of loss and recovery of magnetism. 
In tungsten steel of the same carbon content the 
difference of temperature between loss and recovery 
of magnetism is much greater, as will be seen on 
referring to Fig. 10. Hence to represent tungsten 
steel the iron-carbon diagram given in Fig, 4 would 
need a modification in the position of the temperature 
zone in which the transformation from Beta -iron to 
Alpha occurs, the separation of the zone of loss of 
magnetism from the zone of recovery being roughly 
42 degrees C. for carbon steel, and about 76 degrees C. 
for tungsten steel, when both steels contain 0*70 per 
cent of carbon. 

(11) Pressure as the Force which Controls 
the.’Magnetic Change. 

The ♦zones of temperature in which the allotropic 
changes take place from Alpha iron to Beta, and vice 
versa, are indicated in diagrams representing the loss 
and recovery of magnetism. Examples have been 
given in Figs, 3, 6 and 10, showing the magnetic change 
in pure Swedish iron, carbon steel and tungsten magnet 
steel. In any kind of steel, and in most specimens of 
iron, there is a noticeable interval, on the scale of 
temperature, between the. zone where magnetism is 
lost on heating and the zone where it is regained on 
cooling, recovery of magnetism occurring at the lower 
temperature. The existence of a temperature interval 
has been known for a generation or more, and it has 
been supposed that loss and recovery of ma^etism 
in the magnetic elements necessarily occur at different 
temperatures.* That loss and recovery of magnetism 
are nearly always separated by an interval of tempe¬ 
rature, recovery taking place at the lower temperature, 
does not admit of doubt, but the fact has remained 
without explanation and the forces which determine 
the position of the magnetic change on the temperature 
scale have so far remained unidentified. 

To-day, however, the facts are better known. The 
experiments with Swedish iron, of which a typical 
example is recorded in Fig. 3, have shown that when 
the iron is sufficiently free from other elements the 
.zone where magnetism is regained on cooling coincides 
wth the zone where it is lost on heating. It follows 
that the separation commonly observed between loss 
.and gain arises from the presence of foreign elements 
in the iron, and this being panted there is no difficulty 
:in attributing the separation seen in Fig. 6 to the 
.carbon, and the wider interval in Fig. 10 to the presence 
•of tungsten in addition to carbon. In both these 
.examples the foreign elements are known to form 
♦ See, for example, Ewing, 2nd edn„ chap.«, pp. 178-179. 


compounds which dissolve in the iron, and this at once 
suggests the possibility that the interval between 4oss 
and gain of magnetism has something to do with 
solution. Guided by these deductions from experiment 
it seems possible to account in a simple way for the 
lowering of the temperature at which magnetism is 
recovered when iron contains elements or compounds 
in solution. In its present tentative form the explana¬ 
tion does not account for all the facts, but it may be 
given here because it has grown naturally out of the 
ideas on which this paper is founded, and seems to 
provide a clue which may be usefully followed in future 
research. 

We assume that, so far as magnetism is concerned, 
the iron molecule of two atoms behaves as though each 
atom were a tiny coil or current ring carrying a con¬ 
stant electric current, thus accounting for the constant 
magnetic moment and magnetomotive force which 
the iron atom is known by observation to possess. 
To simplify the problem as much as possible, we may 
imagine the two current rings to be separated by a 
fixed distance and that each is free to turn about a 
diameter. For this electromagnetic system the only 
position of stable equilibrium is that in which the two 
rings are in parallel planes with their currents flowing 
in the same sense. In that position the magnetomotive 
forces of the two current rings act in the same direc¬ 
tion, the system possesses a magnetic moment, and 
the two rings represent the electrical system of an iron 
molecule in the magnetic or Alpha state. To convert 
the molecule into the non-magnetic form, the aspect 
of the two current rings with regard to each other 
must be reversed (by a movement equivalent to turning 
one of them round through half a revolution) so that 
their currents flow in opposite senses. In this condition, 
which is one of unstable equilibrium, the two magneto¬ 
motive forces will be in opposite directions and the 
system will have no resultant magnetomotive force 
and no magnetic moment. In short, when the two 
current rings are back to back, as it were, they repre¬ 
sent th^ iron molecule in its non-magnetic form. 

In undergoing the change from the magnetic to the 
non-magnetic state the system of two current rings 
passes from stable equilibrium to unstable equilibrium 
and force must be applied to effect the change. 
Moreover, if the force is withdrawn or reduced 
below a certain critical value, the system will at once 
revert to the magnetic state of stable equilibrium. In 
other words the two current rings, in virtue of their 
electric currents, exert forces on each other which 
constantly tend to cause them to revert to the magnetic 
arrangement—a statement which is equallj^ true of 
any system of electric circuits carrying constant cur¬ 
rents. We may therefore regard the iron molecule as 
an electrical system endowed with a force of reversion 
which, if it is not balanced by an opposing force, will 
cause riie molecule to assume its magnetic form. From 
this point of view it will be seen that when an iron 
molecule retains the non-magnetic form it must be 
because the inherent force of reversion is outweighed 
by some opposing force, and if the opposing force 
should diminish until the balance of forces turns the 
other way, then the molecule would revert to the 
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magnetic form. As to the nature of the opposing 
for(»5, the phenomena of the magnetic change point 
unmistakably to one characteristic. For at any 
temperature below the region of the magnetic change 
all the iron molecules are magnetic, and above that 
region they are all non-magnetic. Hence, whatever 
the opposing force may be, it is clearly one which acts 
indiscriminately on all the iron molecules, and in seek¬ 
ing for it we must look for some force of a general 
kind capable of acting equally on every molecule 
throughout a solid mass. 

We proceed on the supposition that inside any solid 
body there is a pressure arising in the same way as 
the pressure in a gas, proportional to the absolute 
temperature but no doubt depending on more compli¬ 
cated factors than those governing the simple law of 
gas pressure. In pure iron this temperature force will 
be the only pressure at work, but when any substance, 
either elementary or compound, is dissolved in the 
iron there will be an additional general force, the 
pressure of solution. The purist may perhaps say that 
these two sources of pressure cannot be distinguished 
from one another, but for mental convenience we shall 
regard heat pressure and solution pressure as separate 
components, the total pressure acting in the iron or 
steel being the sum of the two. 

Our next step is to jump to a conclusion, by assum¬ 
ing that the total pressure is the force acting in oppo¬ 
sition to the force of reversion inherent in the iron 
molecule. On this assumption, so long as the total 
pressure exceeds the reversion force, every iron mole¬ 
cule tliroughout the mass will be compelled to remain 
in the non-magnetic state; but when, for any reason, 
the opposing force of pressure falls to a value at which 
it is outweighed by the reversion force, then every 
iron molecule will revert to its magnetic arrangement. 
How the complex forces hidden in the word “ pres¬ 
sure are brought to bear on the electrical system of 
the iron molecule so as to act in opposition to the 
inherent force of reversion, we do not know. This, 
and much more, is at present far beyond our ken. 
But if we adopt the hypothesis that what is called 
pressure in some mysterious way controls the iron 
molecule in its magnetic changes, then it will be found 
that the facts disclosed by the curves which represent 
loss and recovery of magnetism arrange themselves in a 
more or less orderly fashion. 

To begin with pure iron. Here the only pressure is 
that arising from temperature. Raise the temperature 
of a piece of Alpha iron, that is to say, increase the 
pressure, and at a certain point the rising pressure 
will outweigh the reversion force of the iron molecules. 
Accordingly the iron will be compelled to transform 
itself into the non-magnetic form, and at any tempe¬ 
rature above the critical zone in which the change 
occurs every molecule in the piece of iron will be 
forcibly held in the non-magnetic form by the pre¬ 
ponderating force arising from the heat pressure. 

The iron being now in the non-magnetic state, let 
the temperature be lowered. There will be a corre¬ 
sponding fall in the heat pressure and, as the falling 
temperature traverses the critical zone, the diminishing 
pressure will be outweighed by the reversion force 


and the iron will therefore return to the magnetic 
state. That is to say, above tlie critical zone the 
pressure exceeds the reversion force, and below it the 
reversion force outweighs the pressure; and since in 
pure iron the only source of pressure is the temperature, 
the change from one state of things to the other must 
take place within the same critical zone of temperature 
whether the change is from magnetic to non-magnetic 
or the other way about. This is in agreement with the 
experiment recorded in Fig. 3. 

Now consider the case of iron wdtli something dis¬ 
solved in it, so that in addition to the heat pressure 
there will be the pressure arising from the state of 
solution. We may take carbon steel as an example. 
Disregarding the peculiar action of carbon in creating 
the molecular pattern that gives carbon steel its potency, 
attention must be confined to the fact that carbon 
forms a soluble compound which dissolves in the iron 
and therefore gives rise to solution pressure. It will 
be convenient to begin by supposing that the steel is 
cooling down from a temperature at which tlie solvent 
iron is in the non-magnetic state, so that the conditions 
governing the pressure may be noted as the temperature 
falls. 

It may be taken for granted that the strength of 
the electromagnetic forces at work within the iron 
molecule will not be affected by tlie mere presence of 
neighbouring solute molecules, aiid consequeniitly the 
critical pressure at which reversion to the magnetic 
state will occur as the metal cools, should be the same 
in the carbon steel as it is in the iron. But in tlie steel 
the pressure is augmented by the solution pressure, 
and hence, when the temperature has fallen to the 
point at which pure iron reverts to the magnetic state, 
the total pressure in the steel will exceed the reversion 
force by the amount of the solution pressure and the 
iron molecules will therefore still be held in the non¬ 
magnetic state. To bring about reversion to the 
magnetic state the total pressure must be reduced to 
the critical value, and this can only be done by lowering 
the temperature so as to neutralize tlie increment of 
pressure due to solution by a corresponding decre¬ 
ment in the heat pressure. In other words, when iron 
contains anything in solution so as to give rise to 
additional pressure, the temperature at which reversion 
to the magnetic state occurs must necessarily be lower 
than the temperature of the magnetic change in pure 
iron. This deduction, also, is in agreement with 
observation. 

Small variations in the temperature at which the 
magnetic change occurs in successive tests of the same 
specimen of . iron are frequently observed, the critical 
temperature often rising three or four degrees with 
each succeeding test. Discrepancies of this kind are 
readily explained as the result of small changes in 
the total pressure. Gases of dMerent kinds dissolve 
hreely in molten iron and a good deal of gas may remain 
in solution in the cold metad. Each time the specimen 
is heated some of tiie gas is likely to escape. The 
result would be a small reduction in the solution pres-- 
sure and a corresponding rise in the temperature required 
to bring the tot^ pressure to the critical value. 

A striking example of ihe effect which dissolved 
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gas may have in lowering the temperature of the 
magnetic change came under the author*s notice when 
investigating a sample of ingot iron; iron of quite 
exceptional purity and free from all but a mere trace 
of carbon. Much to the surprise of the experimenter, 
the mean temperature of the zone of the magnetic 
change was found to be 756° C., an extraordinarily 
low value for iron free from impurities. Judging from 
numerous specimens of pure Swedish iron, the mean 
temperature of the magnetic change in pure iron is 
780°, or possibly three or four degrees higher. In the 
case of the ingot iron, therefore, there is a lowering of 
at least 24 degrees to be accounted for. There can be 
little doubt as to the cause. The intention in making 
ingot iron is to obtain the ^eatest possible purity 
and, more particularly, to eliminate carbon. For that 
purpose the molten metal is washed ** with oxygen, a 
process which affords ample opportunity for the gas 
to dissolve in the iron. The metal when cold may be 
described as a saturated solution of oxygen in pure 
Alpha iron, and it is to the pressure arising from this 
state of solution that we may attribute the lowering 
of the temperature of the magnetic change by 
24 degrees. 

The most remarkable example of the effect of solu¬ 
tion in lowering the temperature at which magnetism 
is recovered on cooling is afforded by the nickel-iron 
alloy jjliscovered by Hopkinson.* The true composition 
of tile alloy appears to be exactly one part of nickel 
to three parts of iron. The magnetic change of any 
mixture of these two metals would naturally be 
expected to occur somewhere between the temperatur^ 
of-tile allotropic change in iron and in nickel, that is 
to say between 780° and about 350° C. In any case it 
would not occur below the latter temperature, even if 
nickel alone determined the magnetic change. But 
Hopkinson's experiments showed that with any propor¬ 
tions of nickel and iron the point at which magnetism 
was regained was very considerably below 360° C., 
and from this it was clear that the metals formed an 
alloy. It was found, moreover, that the amount by 
which tiie temperature of recovery of magnetisni was 
lowered grew suddenly to a sharply defined maximum 
when tiie proportions of the metals were exactly one 
to three, the recovery of magnetism ^then taking place 
at about 60 degrees below 0° C. 

The existence of a maximum implies that one part 
of nickel and three of iron form a definite alloy pos¬ 
sessing distinctive properties, and among other qu^ities 
solution pressure would presumably attain a maximum 
value. It seems very probable that in such an alloy 
a mutual solution of two metals—the pressure of 
solution would be far greater than it is when a frac¬ 
tional percentage of carbon is dissolved in iron, and 
on the pressure hypothesis the much higher solution 
pressure would necessitate a much lower temperature 
for the recovery of magnetism. All this accords well 
with the fact that the temperature of magnetic recov^y 
in the nickel-iron alloy is lowered to an extraordinary 
extent. 

From the above examples of the recovery of mag- 


♦ J. HoPKiNSON : Proceedings of the Soc^, 1889 arid 1890. 

principal results will be found in Umm, 2nd edn., 8. 


The 


netism it appears that the pressure hypothesis, founded 
on the’•supposition that the electrical system of«,the 
iron molecule behaves like a system of coils or current 
rings, agrees well with what is known about the vatied 
temperatures at which magnetism is regained on cooling. 
Turning to the converse problem, loss of magnetism 
in iron which contains other elements, the outstanding 
fact is the interval which separates the temperatures 
at which magnetism is lost and regained, the tempe¬ 
rature difference between loss and gain varying from 
a few degrees when a little carbon is dissolved in the 
iron, to many hundred degrees when iron and nickel 
are mutually dissolved in each other. For ease, of 
comparison the curves of magnetic loss and recovery 
for pure iron, carbon steel, tungsten steel and the 
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Fig, 11 .—Comparison of loss and recovery of magnetism in 
pure iron, carbon steel, tungsten magnet steel and 
nickel-iron alloy. 


nickel-iron alloy have been brought together one under « 
the other in Fig. U. In these curves it is noticeable 
that although the temperature at which magnetism is 
lost varies to some extent, yet in the main tlie separa¬ 
tion between loss and recovery is brought about by 
the lowering of the temperature at which magnetisni is 
recovered. 

So far as the carbon steel is concerned,, the tempe¬ 
rature separation between loss and gain of magnetism 
is readily accounted for on the pressure hypothesis. 
When magnetism has been regained, that is to say 
when all the solvent iron has reverted to -^e Alpha 
state, any surplus carbide passes out of solution. This 
decreases the pressure and causes the total pressure to 
fall well below the critical value which brought about 
the recovery of magnetism. To compel the iron.to 
become non-magnetic once more, the total pressure 
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must be brought up to the critical value, and to do 
thaj^ the temperature must be raised. If the whole 
amount of carbide passed out of solution, reducing the 
solution pressure to zero, the required critical pressure 
would only be attained when the temperature reached 
the zone where pure iron loses its magnetism. But 
we know that the whole of the carbide does not pass 
out of solution when the solvent iron assumes the 
Alpha form. Roughly one-third of it remains in solu¬ 
tion and, consequently, there is still a solution pressure 
although it is, of course, much reduced. Taking the 
reduced solution pressure into account, it is clear that 
the critical pressure should be attained at a tempe¬ 
rature well above the zone of recovery, but certainly 


! of solution when the two elements undergo their trans¬ 
formation from the non-magnetic to the magnetic 
state, our hypotliesis can only explain the wide separa¬ 
tion between recovery and loss of magnetism on the 
supposition that the solution pressure of an alloy of 
Alpha nickel with Alpha iron is ever so much less than 
that of the Beta nickel with Beta iron alloy. Inde¬ 
pendent evidence on the point is wanting and there is 
therefore nothing either for or against the idea that 
solution pressure may differ according to whether 
magnetic molecules are in their Alpha state or their 
Beta state. 

One other matter deserves notice connected with 
the magnetic change in steels which contain more 



Fio. 12.—Release of energy when tungsten magnet steel cools from 900° C. Curves showing fall of temperature rate of 
change of magnetic intensity during recovery of magnetism, and the rate at which energy was released as heat. 


below the zone of the magnetic change in pure iron. 
Hence loss of magnetism may be expected to occur at 
a somewhat lower temperature in the carbon steel than 
it does in pure iron, and a reference to Fig. 11 shows 
that this is in fact what happens. 

In tungsten steel the fact that loss of magnetism 
takes place well above the temperature of recovery is 
to be explained in the same way. But in this case 
there are discordant features for which the pressure 
hypothesis as it stands offers no satisfactory explana¬ 
tion. Apparently some factor has been left out of 
account, and to explain the behaviour of tungsten 
steel it seems necessary to assume that, for any given 
quantity of solute, the solution pressure in Alpha iron 
is less than that in Beta iron. Again, in tlie nickel-r 
iron alloy where, on the face of it, nothing passes out 


carbon than is freely soluble in Alpha iron. In such 
cases the curves of loss and recovery of magnetism 
frequently differ in their slope, tlie * recovery curve 
being more upright than the curve of loss. This agrees 
well with the pressure hypothesis and it can be shown 
that, of the two curves, it is the curve of loss which 
truly represents the normal progress of the transition 
from one state to the other, the curve of recovery being 
liable to distortion. 

Here, for the present, tire pressure hypothesis must 
be left. It affords but a partial explanation, mar¬ 
shalling some facts in their order, leaving others unex¬ 
plained. Complete agreement was not to be expected, 
for to apply to solid steel the simple ideas about pres¬ 
sure which we derive from the behaviour of gases, is to 
ignore the effect pf the want of molecular freedom in 
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the solid. Bnt on the supposition that the electro¬ 
magnetic forces inherent in the electrical system of 
the iron molecule naturally cause it to revert to the 
magnetic state, the idea that pressure acts in opposition 
to the force of reversion seems to hold the promise of 
a rational explanation of the relation between tempera¬ 
ture and the magnetic change, 

(12) The Energy Released in Tungsten Steel 
ON Cooling Down. 

The sequence of events as tungsten magnet steel 
slowly cools down, and the molecules of iron pass from 
Gamma to Beta, and Beta to Alpha, is illustrated in a 
novel way in Fig. 12, where in place of the customary 
inverse-rate curve, or a time differential cur\^e similar to 
the one already given for carbon steel (Fig. 7), the 
actual rate of release of energy’' is given in joules per 


Table 2. 


Allotropic change 

Energy per 
gramme of steel 

Joules 

Calories 

Gamma iron to Beta iron 

26-4 

6-3 

Betg. iron to Alpha iron 

Transfer of carbide from solution to 

6-9 

1*4 

crystal 

47-9 

11*4 

Reversal of the Precursor effect 

18-6 

4*6 

Totals .. 

98-8 

23*6 


Allocation of the allotropic energy released during 
the cooling of tungsten magnet steel (G = 0*65; 
W = 6-0) from 900° C., the tabular figures being ob¬ 
tained by integration of the energy curve in Fig. 11. 

Noie .— As determined from Fig. 11, the energy 
released when Gamma iron changes into Beta is 6-3 
Calories per gramme of sleel. This corresponds with 
6‘86 calories per gramme of iron in the steel, a figure 
which compares with the value determined by Wiist 
from calorimeter tests of pure iron, namely 6*67 
calories per gramme. 


second (watts) per gramme of steel, thus for the first 
time presenting the facts in a quantitative form. The 
ordinates of the energy curve have been computed by 
the author from data obtained by concurrent observa¬ 
tions of the temperature of the steel test-piece and the 
difference of temperature between the test-piece and 
the walls of the furnace, mahing use of the radiation 
formula:— 

dJS / TOt ■ . 1 ,, 4 rrA \ ^7^2 

Here E denotes energy, T stands for absolute tempe¬ 
rature, r is the radiation constant, a the superficial 
axea of the test-piece and m its mass. The specific 
heat of the steel, which is of course a variable, is 
denoted by 5. 

The released energy, represented by,^he area of the 
graph in Fig. 12, comes from four-sources, namely 


(1) the change from Gamma to Beta, (2) the change 
from Beta to Alpha, (3) the passage of the surj)lus 
carbide molecules from solution to crystal, and (4) the 
energy previously absorbed by the precursor effect 
and given out again on cooling. Although there is 
some overlapping, it is possible to separate the whole 
quantity of energy into its components, as shown in 
Table 2. To engineers who think in kilowatt-hours, 
98‘8 joules per gramme conveys nothing, until it is 
discovered that the energy is equivalent to nearly 
28 kilowatt-hours per ton of steel. 

It will be noticed in Fig. 12 that the carbides present 
in the steel began to come out of solution at the 
29th minute of tlie experiment and that by the 31st 
minute the passage from solution to crystal was com¬ 
plete—a duration of 2 minutes. This is the shortest 
time the author has observed for this essentially slow 
process. The temperature at which the carbides began 
to crystallize out of solution was 708° C., and that is 
therefore the limiting temperature below which it 
would be impossible to retain the whole quantity of 
carbide in solution by any method of sudden cooling, 
a point which will be referred to again in Section (16). 

(13) Spoiled Magnet Steel and its Restoration. 

So far it has been assumed that in magnet steel all 
the constituent elements are playing the parts assigned 
to them in the magnetic mechanism; that the whole 
of the solvent iron is generating magnetism, and that 
the entire carbon content is usefully employed in the 
form of potency-giving molecules. But magnet steel 
as it comes from the steelworks falls a long way short 
of that ideal condition, the heat treatment whicli the 
steel receives in course of manufacture causing serious 
injury to the properties on which the power of a per¬ 
manent magnet depends. It is not generally recognized 
how much harm is done. The injury is of two kinds, 
giving rise to a deficiency in the inherent magneto¬ 
motive force and a loss of potency. In effect, both 
the factors of magnetic energy suffer degradation. 

Defidency of magnetomotive Jorce arises from the 
ultraheating of magnet steel. It is the lesser of the 
two evils, because the* magnet malcer who is aware of 
it can easily apply a complete remedy. Ultraheatmg 
will repay careful study by the metallurgist as well as 
the magnet maker, but to describe the tangled pheno¬ 
mena here would involve a long digression and the 
subject is therefore treated separately in an Appendix. 

The loss of potency, which is due to the spoiling of 
magnet steel by decomposition, is a much more serious 
injury and there is no practicable remedy for it that 
can be applied after the steel has left the steelworks. 
This almost universal defect in magnet steel is the 
subject of the present section and it will be shown that 
the injury is preventible. 

When starting on a journey through unknown 
country it is often helpful to be told where we are 
going. The author, having been compelled to spend 
four or five years investigating spoiled steel, has already 
made the journey and the outcome can be summed up 
in a few sentences. If the solute carbide molecules 
in magnet steel were stable chemical compounds, there 
would be no such thing as spoiled steel. Unfortunately, 
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the very molecules on which we rely for the creation 
of •potency, suffer decomposition at temperatures to 
which magnet steel is exposed during manufacture. 
Decomposition of the carbide molecules breaks up 
the molecular pattern identified with potency, and 
hence magnet steel which has been exposed for some 
considerable time to any temperature within a certain 
danger zone loses much of its power to act as a per¬ 
manent ma^et. For the purpose of making magnets 
the steel is spoiled. Both tungsten magnet steel and^ 
cobalt magnet steel suffer degradation by spoiling, 
but the research now to be described was confined to 
tungsten steel. 

Magnet makers are of course familiar with the fact 
that magnets made from the same batch of steel vary 
widely in their magnetic power, the difference between 
the best and the worst being much the same in every 
lot of steel. Without tracing this persistent lack of 
uniformity to its source, it was easy to attribute it to 
a number of causes, namely, the variable composition 
of the steel, the way it was rolled, the forging of the 
magnet, the temperature for hardening, tlie nature of 
the quenching bath, and the way the steel was im¬ 
mersed in it. All these would be suspected in turn, 
and from time to time modifications in practice would 
be introduced, more or less at random. But no matter 
what was done, excessive variation in magnetic power 
remained. It is to-day, as it ever was, tlie magnet 
maker’s greatest trouble, and it has not been mastered 
because there was no obvious clue to the underlying 
cause. 

The author found himself in possession of a clue 
by accident. Some years since, a Sheffield steel maker 
supplied a quantity of magnet steel nominally con¬ 
taining O'7 per cent of carbon and 6 per cent of 
tungsten, proportions that should give a coercive 
force of about 69 in the hardened steel. The batch of 
steel consisted of a large number of lengths of rolled 
bar, and in the ordinary course two samples were cut 
off each length for testing purposes. The samples 
having been hardened |ind their coercive force measured, 
the values obtained were found to vary from about 
46 in the best sample to 27 in the worst, the average 
of the whole lot being 36. 

Deficiency of coercive force may arise^ and frequently 
does arise, from deficiency of carbon. In the present 
case this cause was immediately suspected and a 
sample bar fairly representative of the whole lot was 
submitted to analysis. The steel was found to contain 
O'69 per cent of carbon and 6-2 per cent of tungsten, 
a sufficiently close approximation to the specified 
composition. The coercive force corresponding with 
the composition ascertained by analysis should be 68, 
the observed average value being only 36. 

This remarkable steel, then, contained carbon and 
tungsten in quantities which, if these elements were 
properly combined as solute molecules, should- give a 
coercive force of nearly twice pie observed value. The 
only possible explanation seemed to be that by some 
means or other the carbide molecules had been decom¬ 
posed and that their constituent atoms, although stiU 
present in the steel as shown by the percentage analysis* 
were not in the condition that gives rise to pot^cy 


and coercive force. In short, as a material for per¬ 
manent magnets the steel was entirely spoiled. 

The cause of the spoiling was not far to seek. On 
inquiring what had happened in the steelworks, it 
was ascertained that in order to soften the steel after 
rolling, the whole batch had been heated to about 
900''C. and maintained at that temperature for a 
prolonged period (moi*e than 24 hours), the steelmaker 
being apparently unavrare that to soften tungsten 
magnet steel for easy macliining it is only necessary 
to keep it at 700° C. for at most 10 minutes. It being 
evident that 900° C. is a dangerous temperature for 
tungsten steel, this clue formed the starting-point for 
an experimental investigation. 

The first tiling to be done was to verify tlie fact by 
subjecting some good magnet steel to prolonged heating 
at about 900° C. For this purpose three rolled bars 
were selected from a batch of tungsten magnet steel 
of standard composition, choosing bars which repre¬ 
sented the characteristic variations in magnetic quality. 
Short lengths having been cut off each bar to serve as 
test-pieces, they were hardened and tested for coercive 
force. The values obtained were 76*0, 71-5 and 62*6. 


Table 3. 


Test-piece 

Initial 

coercive 

iorce 

Coercive force after heating at 900® C. for 
n 

7 hours 

14 hours 

21 hours 

L31 

76-0 

56*6 

43-5 

36-5 

L22 

71-5 

66-0 

43'5 

— 

L49 

62*5 

61-0 

43-6 

38-5 


Progressive decrease in the coercive force of hardened 
tungsten magnet steel, consequent on previous heating 
at 900° C. 


The three test-pieces were next put into a furnace 
and heated to 900° C., and that temperature having 
been maintained for 7 hours the test-pieces were taken 
out of the furnace and allowed to cool down. Having 
removed the sc^^^le oxide formed during the prolonged 
heating, the test-pieces were hardened again and tested 
for coercive force. This cycle of operations was 
repeated twice more, so tliat by the end of the experi¬ 
ment the test-pieces had been subjected to a temperature 
of 900° C. for tlu*ee periods of 7 hours each, or 21 hours 
altogether, with intermediate hardening and testing 
for coercive force. The result of the experiment is 
recorded in Table 3, showing the gradual spoiling of 
the steel that goes on at 900° C. After 7 liours at that 
temperature, tungsten steel is reduced to a condition 
in which it is little better than carbon steel as a 
material for permanent magnets, and at the end of 
21 hours it is much inferior to carbon steel. The 
experimental data given in Table 3 have been used to 
construct the curve given in Fig. 13, which illustrates 
the gradual spoilmg of tungsten magnet steel, of normal 
composition, at^900°C. 

It is noticeable that although, to begin with^ the 
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three test-pieces differed widely in coercive force, 
14 hours at 900® C. reduced them all to the lame level 
of inferiority. Why this should be was not understood 
at the time the experiment was made (June 1918), 
but a reference to the carbon-coercive-force curves 
now available for tungsten steel (Fig. 9) at once sug¬ 
gests a reason. Attention has already been drawn to 
the fact that carbon combines more readily with 
tungsten than with iron, and it is reasQjrable to suppose 
that when the conditions are favourable to decomposi¬ 
tion, the carbide of iron will decompose more readily 



Fig. 13. —Spoiling of tungsten magnet steel. Curve showing 
the progressive degradation in the coercive force of the 
hardened steel consequent on previous heating at 
900*^ C. 

than the carbide of tungsten. Now the quantity of 
carbide of tungsten is determined by the quantity of 
tungsten and, since in this respect all three test-pieces 
are alike, the potency and coercive force arising from 
carbide of tungsten will be the same in all of them. 
Hence the initial differences in coercive force must be 
attributed to differences in the content of carbide of 
iron, and when the whole of that carbide has been 
decomposed, the remaining coercive force will be that 
due to carbide of tungsten: the carbon-coercive- 
force curve (Fig. 9) shows that under those conditions 
the coercive force cannot exceed 46, an^i it will be less 
^ than that amount if there has also been some decom-. 


position of the carbide of tungsten. The experiment 
therefore indicates that at the end of 14 hours elch 
test-piece had already arrived at this stage of equality 
in degradation; all the carbide of iron had already 
been decomposed. 

Before going on with the investigation of spoiling, 
it will be convenient to describe a first attempt at the 
restoration of spoiled steel, made immediately after 
the conclusion of the experiment in spoiling recorded 
in Table 3. If we assume that spoiling is decomposition 
and that none of the dissociated elements escape at 
the surface of the steel, then it should evidently be 
possible to restore spoiled steel by re-melting it, because 
in that way the iron, the tungsten, and the carbon 
would, as it were, begin life all over again. But a 
little consideration suggested that restoration might 
take place at some temperature short of the melting 
point. It seemed probable that the high temperature 
to which high-speed tool steel is heated, in order to 
leave it hard on cooling down, might be intended inci¬ 
dentally to re-combine any solute carbide molecules 
that had suffered decomposition during the making of 
the steel, and in that case a similar high-heat treatment 
ought to restore magnet steel. 

To put this idea to the test of experiment it was 
proposed to heat one of the three spoiled test-pieces 
to a temperature well above 1 200® C. for some minutes. 
The test-piece selected for the purpose was that made 
from the length L31 for which the initial coercive force 
was 76. It was anticipated that a good deal of carbon 
might have escaped from the surface of the steel in 
the course of the 21 hours' heating it had undergone, 
and to avoid a misleading result from this cause the 
surface of the test-piece was removed in the lathe to 
a depth of about 1*6 mm, leaving a cylindrical core 
for the experiment. This core was tlien heated in a 
bath of molten barium chloride to a temperature just 
over 1 300® C., at which point it was maintained for 
nearly half an hour *; it was then removed from the 
heating bath and allowed to cool down. After this 
treatment the core was hardened in the usual way by 
quenching from 860® C. The coercive force of the 
hardened core was then measured and found to be 71. 
This figure compares with 76 when in the initial state 
and 36-6 in the spoiled state. Although the potency 
of the restored cylindrical core, measured by coercive ^ 
force, feH somewhat short of the initial value, the 
experiment was encouraging. 

Here we may again interpret the result of an early 
experiment in the light of information which was not 
available at the time. Referring again to the carbon- 
coercive-force curve (Fig. 9), it will be found that the 
values 76 and 71 obtained for the coercive force in the 
initial and the restored states correspond with carbon 
contents of 0 • 81 per cent and 0 • 73 per cent respectively. 
Heating for 21 hours at 900® C„ followed by about 
half an hour at 1 300® C., had therefore resulted in the 
abstraction of carbon from the entire section of the 
test-piece, the loss in the cylindrical core amounting to 
just 10 per cent of the quantity originally present in 
the steel. 

♦ A couple of minutes at 1300* C. would have been ample time for restora¬ 
tion ; but this was not known at the time the experiment was made. 
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A steel test-piece which has been denuded of carbon 
to •even a very small depth below the surface gives 
entirely spurious values for coercive force, the decar¬ 
bonized layer acting as a magnetic shunt applied to the 
central core. For this reason, loss of carbon at the 
surface of the test-pieces added greatly to the diffi¬ 
culties encountered in a prolonged investigation of the 
spoiling effect. The one likely remedy, keeping the 
heated steel in a carbon-laden atmosphere, was delibe¬ 
rately put on one side, because there was no certainty 
that the steel would not take in carbon from its sur¬ 
roundings ; and, if it did, there was no easy means of 
measuring the quantity so absorbed. In all the experi¬ 
ments adduced in this paper the effect of the inevitable 
loss of carbon has been eliminated either by removal 
of all the steel found to be denuded of carbon, or by 
analysis of the steel at the different stages of experi¬ 
ment. In a test-piece 2 or 3 cm^ in sectional area. 


Table 4. 


Portion of steel from bar JD267. and 

Analysis 

Coercive 


the heat treatment 

Carbon 

Tungsten 

force 

1 

The whole of test-piece 
El hardened in its 
initial state 

0*726 

6*02 

71*0 

2 

The . whole of test-piece 
E2 hardened after heat¬ 
ing at 900® C. fof 1 • 6 
hours 

0*606 

6*98 

60*8 

3 

The central core of test- 
piece E2 after the 
above treatment 

0*736 

6*93 

60*6 

4 

The shell of test-piece E2 
after the above heat 
treatment 

0*480 

6*03 

— 


Spoiling tungsten magnet steel. Results of es^Deri- 
ments on a bar of rolled steel, spoiled by heating at 
900° C. for 1 • 6 hours, showing that the central core 
is degraded by spoiling although it has lost no carbon. 


loss of carbon in the central portion of the section 
only begins to be noticeable after spoiling at 900® C. 
has gone on for a good many hours. It was therefore 
an easy matter to avoid losing carbon in the central 
core of a test-piece by restricting the duration of 
spoiling to one or two hours, the degree of spoiling in 
even so short a period as an hour being easily measur¬ 
able by the decrement of coercive force. A t 5 rpical 
experiment of this kind is recorded in Table 4. 

The figures given in the table were obtained from 
test-pieces made from a bar of steel of exceptional 
uniformity as regards carbon content and almost free 
from spoiling. The samples for the first analysis, giving 
the average composition of the whole sectional area of 
the bar in its initial state, were taken from positions 
contiguous to the ends of the piece of bar from which 
the two test-pieces were made. The test-pieces were 
cylinders 10 cm in length and 0* 64 cm in diameter. 


Having measured the coercive force of the hardened 
test-pieces in the initial state, one of them was heated 
to 900® C. and maintained at that temperature for 
1*6 hours. It was then put into the lathe, and the 
surface having been turned off to a depth of 1*08 mm, 
the central core in its spoiled state was hardened and 
tested for coercive force. This having been done, the 
content of carbon and tungsten in the central core 
was determined by analysis, the core being softened 
and turned into shavings for the purpose. It will be 
seen from the figures in Table 4 that although the 
spoiled central core happened to contain slightly more 
carbon than the average content of the original section, 
yet the coercive force had decreased by 10-5 units as 
the result of 1 • 6 hours' heating at 900® C. 

Ha\dng demonstrated the fact that spoiling takes 
place when tungsten magnet steel is heated at 900® C., 
the next step w*as to ascertain how the rate of spoiling 
varies with the temperature. For this purpose a 
number of samples were cut from a bar of magnet 



Fig. 14.—Spoiling of tungsten magnet steel. Curve showing 
the variation in degradation consequent on previous 
heating for 2*6 hours at different temperatures. 


steel of about 3 cm^ sectional area, and heated one at 
a time at different temperatures from 800® to 1 200® C., 
the time each particular temperature was maintained 
being 2 * 6 hours. After the heating, a cylindrical test- 
piece of small diameter weis made from the central 
core of each sample, and hardened by quenching from 
860® C. The coercive force of the hardened cylinders 
was then measured and the difference between the 
coercive force of the steel in its initial state and its 
spoiled state, that is to say the decrement due to spoil¬ 
ing, was plotted against the temperature of spoiling 
as a graph connecting temperature and rate of spoiling. 
The graph is reproduced in Fig. 14 and it is seen at 
once that spoiling goes on at the greatest rate at a 
temperature of 960® C. 

Comparing the graph with the iron-carbon diagram 
given in Fig. 4, it is clear that the region of temperature 
within which spoiling occurs coincides with the region 
in which the iron in carbon steel, and presumably in 
tungsten steel also, is in the Gamma state. In Fig. 14 
the exact course ,.of the graph below 800® C. is a little 
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uncertain, but as a previous experiment had shown 
that magnet steel which had been maintained at 
680® C. for 7 hours remained entirely unspoiled, the 
course of the curve cannot be far wrong. If any spoiling 
goes on below 760® C., that is to say when the iron is 
in the Beta state, it is evidently negligible in amount. 

Above 1 000® C. the graph is a straight line, and 
when produced beyond 1 200® C. it cuts the line of 
zero spoiling at 1 214® C. There can hardly be a doubt 
that this is the point at which the allotropic change 
from Gamma to Delta iron takes place, and, assuming 
that to be so, the Gamma region is the danger zone of 
temperature for tungsten magnet steel, any temperature 
between 760® and 1 214® C. being a spoiling temperature. 

The abrupt termination on the danger zone at 
1 214® C. makes it natural to inquire what happens 
immediately above that temperature. The answer is 
to be found in an experiment made long before that to 


Table 5. 


BarN4 

Duration of heating 
(minutes) 

Appar^t 

Increment 

Mean 

Test-piece 

Heating 

up 

At 1 SdO* 

Alx>ve 

1214® 

force 

increment 

1 * 

0 

0 


45*6 


■ - ■ 

4 

0-67 

0-26 


53-2 

7*7 


7-86 

10 

0-67 

0-26 


63*6 

8*0 


2 

0-67 

0-60 


64*6 

9*0 


^ 9*00 

8 

0-67 

0*60 


64*6 

9*0 


6 

0-67 

1-0 


66*6 

10*0 


^10*26 

11 

0-67 

1-0 

M6 

66*0 

10*6 


3 

0-67 

2-0 

2*17 

65*0 

9*6 



9 

0-67 

2-0 

2*17 

64*0 

8*5 


6 

0-67 

4-0 

4*17 

63*0 

7*6 



12 

0-67 

4*0 

4*17 

64*0 

8*6 

- 


Attempt to restore spoiled tungsten magnet steel 
by heating at 1 240° C. The poercive, fprce’ is that of 
the test-piece when hardened after the heat treatment. 


which Fig. 14 relates. After making** the first experi¬ 
ment in restoration, described above, an attempt was 
made to restore some of the magnet steel which had 
been completely spoiled by the steelmaker in the cir¬ 
cumstances already mentioned. It will be remembered 
that the coercive force of this batch of steel varied 
from 27 in the worst bar to about 46 in the best. 
Before trying to restore the worst of the batch it was 
thought better to see what could be done with the 
best, of it, and accordingly a bar which, in the hardened 
state, gave a coercive force of 45*5, was selected for 
trial. A’ dozen rods of small section having been cut 
from this bar, they were assembled in pairs and im¬ 
mersed in a bath of molten barium chloride, the tempe¬ 
rature of which was maintained constant at 1 240® C., 
within a few degrees either way, during the experiment. 
The rods of steel attained the temperature of the 
bath in 40 seconds, as nearly as th^ time could be 
measured, and at pre-arranged intervals after that 


epoch the pairs of rods were withdrawn from the teth 
and allowed to cool down. All the rods were “men 
hardened by quenching from 860® C., and tested for 
coercive force. The observational data obtained in 
this experiment are given in Table 5. In Fig. 15 a 
curve has been plotted from the data given in the 
table, showing a rapid initial rise in coercive force 
followed by a less rapid fall. 

As a method for restoring spoiled steel to a condi¬ 
tion in which it would be fit for making magnets the 
experiment was a failure. Estimated from its com¬ 
position by analysis, the steel should give a coercive 
force of 68 when unspoiled, or completely restored, 
whereas the liighest value attained, as the result of 
the heat treatment described, was only 66. Why the 
coercive force, after rising with great rapidity as the 
result of the first minute and a half in the heating bath. 



should then begin to fall off, was not understood at 
the time. Long afterwards, when the effect of loss of 
carbon had been investigated, it was realized that in 
this experiment a decarbonized layer developed during 
the heating in the bath and rapidly increased in depth. 
Hence when the test-pieces came to be tested for 
coercive force each was in the condition of a bar magnet 
closely surrounded by a magnetic shunt of soft iron, 
the thickness of the iron and magnitude of the shunting 
effect depending on the duration of the heating. In 
these circumstances the values obtained for the coercive 
force became more and more erroneous as the decar¬ 
bonized layer increased in thickness, and the only 
measurements on which reliance can be placed are 
those made on the test-pieces which had been with¬ 
drawn from the heating bath before^ the decarbonized 
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layer grew to aa appreciable thickness. Interpreted 
in ^diis way the falling off in coercive force seen in 
Fig. 15 indicates the steadily growing thickness of the 
decarbonized layer and the consequent increase in the 
shunting effect. 

Knowing the cause of the falling off in the apparent 
coercive force (the spurious coercive force of a shunted 
magnet), we may disregard the erroneous figures and 
concentrate our attention on what took place before 
the Joss of carbon began to have an appreciable effect. 
The first pair of test-pieces to be removed from the 
heating bath had been at a temperature of 1 240® C. 
for 16 seconds. But assuming that restoration actually 
began as soon as the temperature rose above 1 214® C. 
(the point at which the spoiling effect ceases) an addition 
of from 10 to 16 seconds must be made for the time 
occupied by tlie steel in rising from 1 214® to 1 240® C., 
making at the most a period of 30 seconds at a tempe¬ 
rature above 1 214® C. Within that time the condition 
of tlie steel was restored to an extent which, when the 
t^t-pieces were subsequently hardened, gave an increase 
of 7 ‘ 85 units in the coercive force. From this it appears 
that before carbon escaped in appreciable quantity, 
restoration was going on at a rate corresponding with 
an increase of more than 15 units of coercive force in a 
minute. 

Now tlie initial coercive force of the steel in the ' 
spoiled state having been 45*6, and the value for 
unspoiled steel of the composition given by analysis 
being 68*0, the number of units of coercive force to 
be added for complete restoration would be 21*6, and 
hence at the rate of restoration of 16 units a minute 
the restoring process would be completed in less than 
2 minutes, provided the rate were maintained to the 
end and that the escape of carbon could be prevented* 

Comparing this experiment with the one recorded 
in Fig. 14, we find that at 950® C. spoiling is proceeding 
at the maximum rate, the coercive force decreasing by 
roughly 9 units in 2»5 hours, a rate of 3*6 units per 
hour. At 1 200® C. spoiling is still going on, although 
with extreme slowness, the coercive force fallfing less 
than a unit in 2*6 hours, a rate considerably under 
0 • 4 units per hour. 

On passing the boundary temperature, which Fig. 14 
places at 1 214° C., a sudden and astonishing change 
takes place, and at 1 240° C., only 26 degrees above 
the boundary, restoration is found to be going on at 
tlie rate of 16 units of coercive force a minute. This is 
equivalent to a rate of 900 units per hour and is to be 
compared with a maximum rate of spoiling which, as 
we have just seen, was only 3-6 units per hour, In 
other words, restoration above the boundary tempera¬ 
ture is 260 times as quick as the spoiling below the 
boundary. 

Assuming the boundary temperature, 1214° C., is 
that between Gamma and Delta iron, and that spoiling 
and restoring result from decomposition and recom¬ 
bination of the solute molecules WC and Fe^C, this 
great disparity in the rates of spoiling and restoring is 
a clear indication of some fundamental difference in 
the chemical reactions of Gamma and Delta iron on 
the solute carbides. We have already seen in Section (7) 
that if sudden changes in specific heat are equivalent 


to changes in atomic weight. Gamma and Delta differ 
from each other much as one element differs from 
another, and it is therefore by no means surprising 
that they should be found to possess very different 
chemical properties.* 

Two more experiments may be referred to. After 
investigating the effect arising from loss of carbon, 
a number of samples, taken from one of the least 
badly spoiled bars in the batch of steel which had 
been softened by the over-zealous steel maker, 
were heated to a restoring temperature for different 
periods of time, and the central cores remaining after 
the removal of the decarbonized layer were hardened 
and tested for coercive force. The values obtained 
are given in Table 6. The spurious values of coercive 


Table 6. 


Bar N1 


Coercive force of the 
hardened test-piece 




Duration at a 
temperature above 

1250 ®C. 



Coercive 

force 

(average) 

Test-piece 

Whole 
section of 

Central 
core of 



test-piece 

test-piece 



D3 

FI 

H2 

rNo treatment 

I hardened in 1 

1 the ■ initial | 
L spoiled state J 

61-6 

60- 4 

61- 7 

1 1 1 

1 

j 

► 51-2 


Minutes 





B3 

DO 

— 

68-0 

*1 


F2 

4-6 

56-7 

65-0 



D2 

7-0 

61-9 

63-7 



G3 

7*5 

61-6 

72-0 



B1 

14-0 

48-9 

64-6 


>67-8 

F3 

14-0 

46-6 

68-0 


H3 

14-5 

47-3 

73-6 



D1 

15-0 

47-7 

72-5 



G1 

26-0 

43-9 

62-5 



J1 

65-0 

68-0 

68-7 




Experiments showing the complete restoration of 
the central core of test-pieces made of badly spoiled 
tungsten magnet steel. For steel of the composition 
found by anal^is, and in the unspoiled state, the 
estimated coercive force is 67*0. 


force obtained from the whole section of the test-piece, 
before removing the decarbonized layer, are included 
in the table to show how utterly misleading they are. 
The mean value of the coercive force of tlie central cores, 
namely 67 • 8, should be compared with that corre¬ 
sponding to the carbon content of the steel, which 
analysis showed to be 0-691 per cent; making use of 
the carbon-coercive-force curve (Fig. 9) to translate 
carbon content into coercive force. It will be found, 
on making the comparison, that the condition of the 
steel in the central cores was fully equal to that of 
unspoiled tungsten magnet steel. 

The last experiment to be noticed is recorded in 

♦ Tte low't^peratare chemist cannot tadcle red-hot substances like 
Gamma iron and Delt^ iron. But what the chemist cannot do magnetism has 
accomplished, affording,,, perhaps for the first time, a clue to the chemical 
attributes of the allotropic varieties of iron* 



THEORY AND PRACTICE; 


765 


Fig. 16 in the form of three demagnetization curves: 
one obtained from a specimen of tungsten magnet steel 
selected from a large number of bars as being in an 
almost unspoiled state; the second from the same 
sample after spoiling at a temperature of 942° C. for 
13* 1 hours, and the third from the same sample bar 
after restoration at 1 300®^ C. In the course of the 
prolonged period of spoiling at 942° C. the steel lost 
carbon throughout the entire sectional area, analysis 
showing that the carbon content of the central area, 
which was initially 0*736 per cent, had decreased to 
0*708 per cent as the result of the prolonged heating. 
Reference to the carbon-coercive-force curve shows that 
in unspoiled steel a carbon content of 0*708 would 
give a coercive force of 69*0. The actual coercive 
force of the steel containing that percentage of carbon 
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Jh^g. 16.— ^Demagnetization curves obtained from hardened 
tungsten magnet steel in different molecular states:— 

(1) As received from the steelworks. , 

(2) After being spoiled by heating at 042 C. for 13 hours. 

(3) After being restored by heating at 1 3Cb“ C. 


(after spoiling for 13-1 hours at 942* C.) was only 41-6, 
a degradation of 28 units. 

The piece of steel taken from the same sample for the 
purpose of restoration was first spoiled along with the 
specimen last referred to. That is to say it was spoiled 
for 13*1 hours at 942® C. Having been spoiled it was 
raised to a temperature of 1 300® C. and maintained at 
that point for 21 minutes, a duration much in excess of 
what was needed. During this time a good deal of 
carbon diffused from the central portion of the large 
sectional area into the outer portion which had been 
greatly denuded of carbon during the spoiling. The 
result of this transference of carbon is seen in the low 
carbon content , of the central core, namely, 0-669 
per cent. Unspoiled steel containing that amount of 
carbon has a coercive force of 66-7, ^which compares 
with the observed value .64-9 for the restored specimen. 


There was reason to suspect that, in heating the test- 
piece preparatory to hardening it, insufficient time had 
been given for the complete solution of all the carbide 
in the solvent iron. The test-piece was therefore 
hardened a second time, taking care to give ample time 
for the carbide to dissolve. When tested after the 
second hardening, the steel was found to have a coercive 
force of 66 * 4, which is slightly greater than the computed 
value, given above, for steel containing 0 • 669 per cent 
of carbon. Complete restoration was, therefore, finally 
effected in this case, in the sense that the whole of the 
carbon remaining in the steel after the spoiling was 
recombined as solute carbide molecules. 

In the foregoing account of the phenomena of spoiling, 
frequent reference has been made to unspoiled magnet 
steel. Strictly speaking, however, an absolutely 
unspoiled condition at room temperature is unattainable, 
since a piece of steel which has been perfectly restored 
at a temperature within the Delta region necessarily 
passes through the danger zone on cooling down, and 
during that passage some degree of spoiling is inevitable. 
But under the conditions of cooling that ordinarily 
occur in practice the steel is only within the danger zone 
for a brief period of time and the resulting loss of coercive 
force is negligibly small. As a rather extreme example, 
we may suppose that as much as three hours is occupied 
in cooling the steel from 1 220® to 100® C. Now the 
time occupied in traversing the Gamma region, or 
danger zone, from 1 220® to 750® C., is always about 
one-twelfth of the whole time occupied in cooling down 
to 100° C., and’hence at the given rate of cooling the 
danger zone would be traversed in about 15 minutes. 
But the extent of spoiling within 15 minutes would 
decrease the coercive force of the subsequently hardened 
steel by no more than half a unit in a total of 70, and 
in practice, steel which has only suffered spoiling to 
that extent may fairly be described as unspoiled. 

The investigation of the spoiling and restoring of 
tungsten magnet steel involved, in all, more than four 
years of almost continuous experimental work. Nature 
did nothing to assist the experimenter. The confusing 
facts presented themselves in no sort of logical sequence, 
and the significance of many of them was not grasped 
until the time arrived to review the research as a whole. 
Looking back, it is easy to perceive that the four 
experiments recorded in Figs. 13, 14, 16 and 16, contain 
in themselves the gist of the whole matter. 

Although the experiments described in this section 
demonstrate the fact that spoiled tungsten magnet 
steel can be restored, the problem that faces the magnet 
maker remains unsolved. He receives from the steel 
maker a batch of rolled steel the bulk of which is more or 
less spoiled, and usually about a quarter of it will be very 
badly spoiled. But the steel is not only spoiled. ^ It 
has also lost carbon, the superficial layer of each spoiled 
bar being more or less denuded of carbon. Now to 
bring the spoiled bars into a condition fit for making 
magnets it is not enough to restore the steel as it stands. 
It is essential to secure uniformity of carbon content 
throughout the sectional area, and to do that the 
deficiency of carbon in the superficial layer must be 
made good by adding carbon, and adding it in just the 
right quantity. By no means an easy problem to solve. 
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yet it is not impossible that a convenient process might 
be aiscovered by research. 

However that may be, the true remedy for spoiled 
magnet steel is prevention, and that rests with the 
steel maker. Jt should not be difficult to avoid the pro¬ 
duction of spoiled magnet steel, and in practice the 
steel maker already makes a few bars of unspoiled 
steel now and again, by accident. He has only to do it 
on purpose and the problem will be solved. 

(14) Spoiled Steel : Chemical and Magnetic 
Analysis Compared. 

When the degradation of spoiled tungsten magnet 
steel has been determined in terms of coercive force, 
the carbon-coercive-force curve (Fig. 9) enables the loss 
of coercive force to be translated into the quantities of 
the two carbides which have been decomposed under 
given conditions of time and temperature. Deducting 
these amounts from the quantities initially present in 
the steel, as determined from a percentage analysis, 
the remainder values give the molecular composition 
of the spoiled steel. To justify the assumption that 
spoiling is decomposition, it would, of course, be necessary 
to ascertain the molecular composition of the spoiled 
steel by the elaborate process of separating and recovering 
the carbides as residues, and then determining their 
molecular composition by chemical analysis. 

The researches of Arnold and Read leave little room 
for doubt that in tungsten magnet steel, in the softened 
state, the carbon is present in the form of the two 
carbides WC and Fe 3 C, and if there is still any doubt 
about the presence of those two carbides when the 
steel is in the hardened state such a comparison as that 
described in the last paragraph should settle the question 
one way or the other. 

By a fortunate chance the necessary chemical data 
for a comparison of that kind are already available, 
having been obtained incidentally by Professors Arnold 
and Read in the course of their work on the carbide 
residues of tungsten steels. On turning to the technical 
details of their method of research* it appears that, 
as a preliminary, each specimen of steel to be examined 
was first heated to 950° C. and maintained at that tem¬ 
perature for a period of about 6 hours. We are not 
concerned with the object of this procedure. It is 
enough to know that each specimen received this 
preliminary thermal treatment, and that by so doing 
.the steel was partially spoiled. Moreover, the tem¬ 
perature chosen, 950° C., happens to have been that at 
which spoiling goes on at the greatest rate (Fig. 14). 

It was, therefore, from specimens of steel degraded to 
that particular degree that the carbide residues were 
obtained ; and consequently the molecular compositions 
deduced from the analysis are those of tungsten steel 
which had been spoiled for 6 hours at 960° C. 

With these accurate chemical determinations at hand, 
it was possible to make the comparison between the 
chemical and the magnetic methods of ascertaining the 
molecular composition of spoiled tungsten magnet 
steel. Among the tungsten steels examined by Arnold 
and Read was one f which had almost exactly the 

’ Proceedings of the Institution of Mechanical Engineers, 
t Arnplo and Read, loc. cit., sample No. 1246. 


percentage composition of the best tungsten magnet 
steel, analysis showing that it contained 0*71 per cent 
of carbon and 5‘37 per cent of tungsten. Tiiis sample 
was therefore chosen by the presenl; writer for the 
computation of the molecular composition from magnetic 
data. Ihe arithmetical work occupies too much space 
to be given here and it must suffice just to indicate the. 
method. To begin with, the degradation in 6 hours 
at 900° C. was ascertained from the curve in Fig. 13. 
Next, the ratio of the degradation at 950° C. to that 
at 900° C. was determined by means of the graph in 
Fig. 14, and the final step was to compute the quantity 
of carbide of tungsten decomposed in 6 hours at 950° C. 
from the value of the coercive force determined for 
spoiled steel by the demagnetization curves given in 
Fig. 16. Throughout these calculations the carbon- 
coercive-force curve given in Fig. 9 was used for 
translating differences in coercive force into percentages 
and quantities of carbon and carbides. 


Table 7. 


Condition of the steel and method of 
determination 

Number of molecules per 

100 atoms of carlx>n 

wc 

FejC 

c 

1. The steel unspoiled 

2 . The steel spoiled by heating 

at 960° C. for 6 hours :— 
Composition;— 

(a) By chemical ana¬ 
lysis of residue left after 
removing the solvent iron 
by electrolysis (Arnold 

54 

46 

^ 0 

and Read) 

(6) By the estimated 
coercive force of the 

46 

24 

30 

hardened steel (author) 

49 

23 

2S 


'Molecular composition of badly spoiled tungsten, mag¬ 
net steel. Percentage composition of the steel: Carbon 
0*71 per cent, tungsten 6*37 per cent. 


The comparative figures for the molecular composition 
of the spoiled steel, deduced from the chemical and from 
the magnetic data, are given in Table 7, where the 
molecular composition is stated in each case for quantities 
containing a total of 100 atoms of carbon. The first 
line gives the composition of the carbon compounds 
when the steel is unspoiled, based on ■the percentage 
analysis given by Arnold and Read. The figures in the 
second line are taken from their analysis of the carbide 
residue obt^ed from the spoiled and softened steel. 
The third line gives the result of the present writer’s 
computation, based on the coercive force of hardened 
tungsten steel of the given percentage composition. 

The figures given in Table 7 may be left to speak for 
themselves. Whether the problem of spoiled tungsten 
magnet steel is investigated by the chemical analysis 
of residues obtained from the steel in the softened state, 
or by the magnetic phenomena of hardened steel, the 
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answer is the same: spoiled steel is decomposed steel. 
At any temperature between 800° and 1 200° C., to state 
the limits in round numbers, the carbide molecules on 
which the potency of magnet steel depends, suffer 
gradual decomposition, marked by a corresponding 
decrease in the coercive of the steel when it is subse¬ 
quently hardened. To restore the potency, the broken- 
up molecules must be put together again, a recombination 
which quickly takes place when the temperature of the 
steel is raised a few degrees above the boundary where 
the solvent iron changes from Gamma into Delta iron. 
But the full potency can only be regained provided the 
dissociated elements remain inside the steel. In steel 
of large sectional area such as the ingot or billet of the 
steelworks, this condition would be reasonably well 
fulfilled ; but in pieces of steel of the size of permanent 
magnets some of the carbon always manages to escape 
and complete restoration is then impracticable. 

(15) Hardening, Softening and the Surplus Solute. 

Alpha iron provides the mechanism that generates 
the magnetic flux in a permanent magnet, but the other 
factor, the potency, is of the feeblest in soft iron. The 
very small coercive force of pure soft iron, rather less 
than 2 units, indicates ah almost perfect uniformity in 
the distribution of the magnetic molecules, and if iron 
is to serve any useful purpose as a permanent magnet, 
the pol^ncy of the magnetic mechanism must be very 
greatly increased by importing variformity. 

One obvious way of bringing about a variformity of 
distribution is to squeeze the iron by rolling or hammering 
or wire drawing, and it is well known that by any of 
these wa 3 ^ of distorting the crystalline structure, it is 
possible to increase the trifling coercive force of iron 
by several units. Incidentally, the hardness is also 
increased a little. But apparently the increase in 
potency and hardness arises from a bodily shifting of 
whole crystal groups rather than any modification in 
the ciystal elements themselves, and to obtain any 
large effect, to endow the iron with the potency required 
in a permanent magnet, something more subtile than 
mechanical distortion is needed. Something must be 
done to modify the molecular pattern in a regular fasliion 
throughout the crystalline mass of iron, so as to produce 
a systematic variformity in the distribution of the mag¬ 
netic molecules. That something consists in dissolving 
certain compounds of carbon in the iron; and what 
mechanical squeezing does feebly and in a somewhat 
irregular way, a number of solute carbide molecules 
will do with far greater effect. Where a steam hammer 
manages to add two or three units to the coercive force, 
the solution of a fractional percentage of carbon will 
increase it by 60 units, or 70 or even 200 units according 
to the nature of the carbon compounds employed as 
potency-giving solute molecules. 

Where the carbide molecules find their , place in the 
magnetic mechanism, how they act on the molecules 
of iron, and why they only have the desired effect when 
they are in solution, is not known, or but vaguely 
surmised. But wherever they are, they certainly act 
individually and systematically throughout the mass 
of solvent iron which serves ^s the magn^c mechanism, 
doing by atomic force what the hammer or the rolling- 
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mill can never do. By their presence carbide molecules 
convert iron into steel, and when they are in solution 
they create the potency’which renders the steel fit for 
a permanent magnet. 

To make a powerful magnet, the magnetic mechanism 
must combine great potency with a high • degree of 
inherent magnetomotive force, and both factors must 
be taken into account in determining the best proportion 
of potency-giving carbon compounds in magnet steel. 
It is found by experiment that a permanent magnet 
maintains the maximum amount of useful magnetic 
energy when the steel contains about 0*72 per cent of 
carbon in the form of soluble carbides, the whole amount 
being in solution. It is, of course, essential that the 
iron in the steel should be in the magnetic state, and 
since Alpha iron only dissolves about 0*24 per cent of 
carbon (one-third of the whole carbon content) as a 
solution in stable equilibrium, the problem is how to 
induce the remainder of the carbon, two-thirds of the 
whole, to enter into solution. 

It was mentioned at the outset of Section (8) that 
complete solution of the whole of the carbon in magnet 
steel is effected by the ordinar}»^ process of hardening. 
Like a good many other things discovered or invented 
by primitive man., the hardening operation is of the 
simplest character. The temperature of the steel 
having been raised to a bright red heat, the metal is 
suddenly cooled by plunging it into cold water. Here 
again we have an example of formidable difficulties 
masked by an outw^d simplicity. It is very much 
easier to perform the hardening operation than it is 
to explain it. Nevertheless, an explanation will be 
attempted here in order to help the reader in forming 
some idea of the peculiar condition of hardened magnet 
steel. 

What the hardening process effects is the solution 
of the whole of the carbon, notwithstanding the fact 
that the solvent iron is in the Alpha state, and since 
the amount of carbon in magnet steel is about three 
times as much as Alpha iron naturally dissolves, it 
seems impossible to believe that the molecular condition 
in the hardened steel is one of equilibrium. Let us 
imagine the state of things when p. solute molecule has 
been put into the position it must occupy among the 
molecules of Alpha iron, as a constituent part of a 
solution which is not in equilibrium. If the molecule 
is free to move it will certainly not remain in the solution 
position, and until someone discovers how to bring 
about equilibrium under tlie assumed conditions, the 
only way to prevent the molecule from moving away is 
to deprive it of the power to move. Hence to endow the 
steel with the potency required in a permanent magnet 
needs two operations. First, the whole quantity of 
carbide in the steel must be dissolved by some means 
or other, and then while the carbide molecules are still 
in their solution positions, they must be deprived of 
their mobility. In this way the whole of the carbon 
present in magnet steel can be made to play its part in 
creating the potency-giving molecular pattern. It is 
the pattern of solution and serves the intended purpose 
—^so long as it lasts—but it can hardly be a condition of 
equilibrium. 

Taking the two parts of the hardening process in turn, 

60 
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the first is the dissolving of the whole of the carbon. 
NoV any of the allotropic varieties of iron, other than 
Alpha iron, will readily dissolve a good deal more carbon 
than 0*72 per cent* The first step therefore must be to 
transform the solvent iron into Beta, or Gamma, or 
Delta, by heating the steel to the appropriate tem¬ 
perature. But although any of these varieties of iron 
will dissolve all the carbon, no one of them does so better 
than the others, and hence there is nothing to be gained 
by raising the temperature much beyond the point at 
which the whole of the iron assumes the Beta form. 
In tungsten magnet steel the conversion of Alpha into 
Beta iron is completed at a temperature of 790*^ C., and 
for cobalt steel the correspondiiig temperature is 870® C. 
Allowing a small margin, the temperature to which the 
steel should be raised for the purpose of dissolving the 
carbide might be 820® and 900® C. respectively. Within 
three or four minutes after attaining the necessary 
temperature, which must be well within the Beta 
region, the whole of the carbon will have dissolved and 
the first operation is over. 

Complete solution has now been accomplished, but 
only by converting the solvent iron into one of the non¬ 
magnetic varieties. The next tiling to be done is to 
re-convert the iron into the magnetic or Alpha state by 
lowering the temperature, and at the same time prevent 
the carbide molecules from passing out of solution when 
the iron assumes the Alpha form. That is to say the 
solute molecules must be deprived of their mobility 
before they have had time to move from their solution 
positions. But at the high temperature where the change 
from Beta to Alpha occurs, the molecular mobility is 
so considerable that the whole of the surplus quantity 
of carbon, about two-thirds of the whole amount in the 
steel, would pass out of solution within a couple of 
minutes after the allotropic change had taken place. 
Hence the necessity for robbing the carbide molecules 
of their mobility in the shortest possible time. Now 
there is only one way to deprive molecules of mobility, 
and that is to lower the temperature of the steel to 
a point at which mobility, if not entirely su^ressed, 
is at all events negligibly small. Probably the last trace 
of mobility only vanishes at the absolute zero of tem¬ 
perature, but fortunately for the toolmalcer and the 
magnet maker molecular mobility decreases with such 
extreme rapidity as the temperature falls below a red 
heat that by the time a piece of steel has cooled down to 
room temperature the solute molecules have almost 
entirely lost their freedom. 

The second operation therefore consists in lowering 
the temperature of the steel as quickly as possible from 
some point at which the whole of the carbon is in solution, 
down to room temperature. As the temperature falls 
below the region where the change from Beta to Alpha 
takes place, the solute carbide molecules lose their 
equilibrium as constituent parts of a stable solution ; 
but before they have time to move the steel is cold and 
the mobility gone. Robbed of the power to move there 
is nothing for the carbide molecules to do but stop where 
they are, in the positions characteristic of the state of 
solution, and consequently the molecular pattern that 
gives potency is completely preserved in the steel. 
Briefly, the steel is first heated to bring about the 


pattern of solution and then b}^ the more or less sudden 
cooling to a low temperature the carbide molecules are, 
so to speak, frozen in their solution positions, thus 
preserving the pattern that gives the steel both hardness 
and potency. 

From time immemorial the primitive workman has 
been hardening steel by the method of sudden cooling, 
successfully performing the operation without giving 
a thought to the sequence of events on which success 
depends. It is only natural to suppose that steel which 
has been hardened by quenching will retain its hardness 
for ever. Very likely it would if the solute molecules 
which give the hardness were absolutely unable to move, 
but in fact they still have a modicum of freedom at 
ordinary room temperatures; a mobility so slight that 
it has hitherto received little attention if it has not 
escaped notice altogetlier. But slow changes in the 
structure^ of hardened steel, arising from molecular 
mobility, are easily detected by magnetic means and in 
Section (16) evidence will be given of the gradual decay 
of potency in steel which has been hardened by rapid 
cooling. 

In course of time, then, hardened steel may very 
slowly decay, but while we are actually engaged in 
hardening a piece of steel it is the immediate effect that 
matters, and so far as that goes the molecular mobility 
at any temperature from 100® C. downwards is so 
exceedingly small that it may be dismissed as negligible, 
In short, when the temperature has fallen to 100° C. the 
steel is as good as cold so far as the hardening process 
is concerned. Again using the analogy of freezing, 
a temperature of 100° C. may be regarded as the freezing 
point of the operation of hardening, a conventional 
point below which the little mobility that remains may 
safely be ignored for the time being. 

In the foregoing explanation of the process of 
hardening by quenching, the cooling of the steel has 
been described as talcing place very quickly if not 
suddenly, no particular rate of cooling being implied. 
We must now turn our attention to the effect which the 
rate of cooling has on the degree of potency and hardness. 
If the steel is cooled slowly, the whole of the surplus 
carbide has time to pass from solution to crystal long 
before the steel is cold and the mobility gone. But if 
the rate of cooling is gradually increased, sooner or later 
a critical speed will be attained which gives only just 
enough time for the whole quantity of surplus carbide 
to pass out of solution before the temperature falls to 
the conventional 100° C., the point of zero mobility 
for our present purpose. At the critical rate of cooling 
complete softening ends and hardening begins, for at 
any greater speed there will not be enough time for all 
the surplus carbide to pass out of solution, and since 
some fraction of it will remain in solution the steel will 
have acquired a corresponding increment of hardness 
and potency. 

Although carbon passes out of solution because 
Alpha iron, under normal conditions of equilibrium, 
cannot dissolve the whole amount of carbide present in 
magnet steel, the passage from solution to crystal does 
not begin with the first appearance of Alpha iron. It 
has already be^n noticed that with 0 • 72 per cent of car¬ 
bon dissolved m Beta iron the solution is not saturated. 



759 


THEORY AND PRACTICE, 

and it is clear that any carbide molecules, released from further down the scale, the mean temperature at which 


solution when the first portions of Beta iron are under¬ 
going conversion into Alpha, will easily dissolve in 
neighbouring unsaturated solution. This transference 
of solute carbide molecules from what was Beta btit has 
become Alpha, to the solvent iron which is still Beta, 
will go on until the remaining Beta iron can dissolve 
no more, having become a saturated solution. From 
this point onwards the solute carbide molecules, rejected 
from solution in consequence of the continued allotropic 
transformation from Beta to Alpha iron, are debarred 
from talcing refuge in the remaining Beta and their 
only alternative is to assemble themselves in the crys¬ 
talline form, intermingled with crystals of Alpha iron. 
Hence it is found that when a piece of magneit steel is 
slowly cooling down, the presence of Alpha iron begins 
to be indicated by the appearance of magnetism some 
little time before there is any sign of carbon passing out 
of solution. But a little later the saturation point is 
reached and the Beta iron can dissolve no ihore carbon. 
At that moment the carbon compounds begin to pass out 
of solution with a very noticeable release of energy in 
the form of heat. All this is well seen in Fig. 12 (page 748), 
where the curves indicating the magnetic change and the 
release of energy relate to a sample of 6 per cent tungsten 
magnet steel containing 0*65 per cent of carbon. As 
nearly as it is possible to judge from the overlapping 
waves,♦the saturation point occurred at the 29th minute 
of the experiment, the temperature of the steel being 
708° C. at that moment. The first sign of magnetism, 
and therefore of Alpha iron, had made its appearance 
a minute and a half earlier when the temperature was 
760° C. At the end of the 31st minute the whole of the 
surplus carbide had passed out of solution, the transfer 
from solution to crystal having occupied just two 
minutes, during which time the temperature fell from 
708° to 662° C., a drop of 66 degrees. The rate of cooling 
at this stage was tlierefore 28 degrees a minute, and 
obviously this speed must be greatly exceeded if any of 
the surplus carbide is to be retained in solution in order 
to achieve a hardening effect. 

To ascertain the effect of a considerable increase in 
the rate of cooling, let us imagine the same experiment 
to be performed at twice the speed, so that just below 
the saturation point the temperature'•will be falling at 
the rate of ,66 degrees a minute. For a first approxi¬ 
mation we may suppose that the transfer of the surplus 
carbon from solution to crystal occupies the same time 
as before, namely, 2 minutes, since the rate of transfer 
depends only on the mobility and the mobility on the 
temperature. But in 2 minutes at 56 degrees a minute 
the temperature will fall 112 degrees, and hence the 
transfer of carbide will now end at 708 — 112 degrees, 
which is 696° C. That is to say, when the rate of cooling 
is doubled, the temperature at which the passage of 
the surplus carbon out of solution comes to an end 
will be 66 degrees lower down the temperature scale. 
This example makes it clear that although surplus carbide 
must always begin to pass out of solution at the satura¬ 
tion point, the process will spread down the temperature 
scale as the rate of cooling is increased# Moreover, 
since the point at which , the transfej of the surplus 
•quantity comes to an end will be caarried further and 


the passage of carbide takes place will be progressively 
lowered and with it the mobility. Hence, as the speed 
of cooling is steadily increased the point that marks the 
end of the transfer of surplus carbide from solution to 
crystal will fall down the temperature scale at a growing 
rate. 

An illustration of the way in which the transfer of 
the surplus carbon gradually spreads from the saturation 
point down the scale of temperature is given in Fig. 17, 
where the graph expresses the relation between the 

Duration of cooling period 7oeP to lOoP 



Rate of cooling at lof? C. 

Degrees per raiiuite 

Fig. 17.—^The softening of tungsten magnet steel. Curve 
showing how the range of temperature within which the 
surplus carbide passes out of solution, increases gradually 
as the speed of cooling is increased. (Computed by the 
author.) 

speed of cooling and the point on the temperature scale 
where the transfer comes to an end. The same data 
have been used in constructing the graph shown in Fig. 
18, where the time occupied by the passage of the surplus 
carbon from solution to crystal is plotted against the 
speed of cooling. These two diagrams relate to tungsten 
magnet steel with a carbon content , of 0.-72 per cent 
and tungsten 6-5 per cent. Two-thirds of the carbon, 
0*48 per cent, is assumed to be the surplus which is 
insoluble in Alpha iron under normal conditions of 
equilibrium. The foims assumed by graphs, of the kind 
shown in Figs. 17 and 18 depend both on the shape of 
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the cooling curve and on the law connecting thp rate of 
transfer of carbon with the temperature. In the present 
example the diagrams are based on a cooling curve of 
the ordinary pseudo-logarithmic shape obtained experi¬ 
mentally from a bar of steel cooling in the open air 
of a room. Horizontal ordinates in both Fig. 17 and 
Fig. 18 give the rate of cooling at a temperature imme¬ 
diately below the saturation point. An inverse scale 
has been added in order to show the time occupied in 
cooling from 708® down to 100® C. 

Observational data from which to determine the 
law connecting rate of transfer of carbon with tem¬ 
perature are very few and far between, and for this 
reason the two diagrams have no great claim to attention 
on the score of nunierical accuracy. Nevertheless, they 
show in a general way how things go; how the rate of 


Duration of cooling period 708® to lOOPC. 



Fig. 18. —Softening of tungsten magnet steel. Curve showing 
how the time taken by the surplus carbide to pass out of 
solution gradually increases as the speed of cooling is 
increased. (Computed by the author.) 


cooling governs the passage of the surplus carbide from 
solution to crystal at cooling speeds below the critical 
value where complete softening ends and hardening 
begins. In short, Figs 17 and 18 embody the cooling 
conditions which leave the steel in the completely 
softened state. The object of softening magnet steel 
is to enable it to be macMned with ease, and that object 
is attained as soon as the whole of the surplus carbide 
has passed out of solution. Whether the passage of 
the carbide occupies 2 minutes or 2 hours is immaterial. 
Again, after the passage of the whole of the surplus 
carbide from solution to crystal has been accomplished, 
it is quite immaterial how slowly or how quickly the 
steel cools. As an example, let the initial rate of cooling 
be about 30 degrees C. a minute. We see from Fig. 17 
that at this cooling speed the transfer of the whole of the 
surplus' carbide in magnet steel will have come to an end. 


and the softened state will have been created by the time 
the temperature of the steel has fallen to 660® C. At 
this point, although the steel is still red hot, it may be 
suddenly cooled by plunging it into cold water without 
in any way affecting the softness, complete softening 
having taken place before the quenching began. True, 
the cooling robs the carbide molecules of their mobility, 
but to deprive them of mobility when they have already 
passed from solution to crystal is equivalent to locking 
the stable door after the steed is stolen. It is more than 
likely that this unusual instance of rapid cooling will 
leave some readers of this paper unconvinced, so deep- 
rooted is the notion that quenching red-hot steel in cold 
water must necessarily make it harder. Another idea, 
equally deep-rooted, is that steel is best softened by 
exceedingly slow cooling; yet it is easy by a few simple 
experiments to demonstrate the fact that all rates of 
cooling not exceeding the critical rate are equally 
effective in bringing about the completely softened state 
in steel. The curve given in Fig. 17 presents the same 
fact in another way and, by linking it with the passing of 
the surplus carbide out of solution, gives it a rational 
explanation. 

We now pass to the consideration of rates of cooling 
in excess of the critical speed which marks the end of 
complete softening and beginning of hardening. When 
the cooling from the saturation point downwards goes 
on so quickly that the temperature has fallen tcv^lOO® C. 
before the whole of the surplus carbide has passed out of 
solution, the steel acquires additional potency and 
hardness commensurate with the amount of surplus 
carbide which is retained in solution. 

In what follows, it will be convenient to refer to the 
region of temperature extending from the saturation 
point down to 100® C. as the mobile region^ since it is 
the region within which the carbide molecules are 
impelled to pass out of solution and have the requisite 
mobility to do so. Looking at Fig. 18, we see that when 
the temperature of the steel was falling at such a rate 
that the time occupied in traversing the mobile region 
was about 25 minutes, there was just enough time for the 
whole of the surplus carbide to pass out of solution. 
The magnet steel to which Fig. 18 relates contained 
0-72 gramme of carbon per 100 grammes of steel, of 
which about 0 * 2^ gramme would be retained in solution 
under normal conditions, when the solvent iron was 
converted into the Alpha state. The remainder of the 
carbon, about 0*48 gramme, would constitute the 
surplus. Hence a duration of 26 minutes within the 
mobile region just gives enough time for 0*48 gramme 
of carbon to pass out of solution. .Now, witliout in any 
way changing the shape of the cooling curve, let the 
cooling speed be doubled. The duration within the 
mobile region will be halved and consequently there 
will only be enough time for half the surplus carbon to 
pass from solution to crystal and the other half, 0*24 
gramme will be retained in solution, notwithstanding 
the allotropic change of the solvent iron from Beta 
to Alpha. When the steel is cold, tlie amount of carbon 
in solution will now be the quantity which is nonnally 
soluble in Alpha, namely 0*24 gramme, plus the 0*24 
gramme which Jias remained in solution, or at all events 
quasi solution, for want of time to pass from solution 
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to crystal. The steel will therefore contain twice as 
much carbon in solution as it would retain under normal 
conditions of ec]uilibrium ; and with twice the quantity 
of carbon in solution the potency and hardness will be 
largely increased. 

But by quenching a piece of steel in water it can be 
cooled through the mobile region in very much less time 
than half 25 minutes. For example, a magnet weighing 
a couple of pounds, quite a large size for a permanent 
magnet, can be quenched in about 15 seconds. This is 
just 1/100th part of 25 minutes, and consequently if 
the steel cools through the mobile region in 15 seconds 
there will only be enough time for 1/100th part of the 
surplus carbon to pass out of solution. That is to say, 
0*0048 gramme of carbon will pass out of solution and 
the remainder of the surplus, namely, 0*475 gramme, 
will be compelled to remain in solution. Adding this 
quantity to the 0*240 gramme, which is normally soluble 
in Alpha iron, the steel when cold will contain 0*715 
gramme of carbon in solution, out of a total carbon 
content of 0*720 gramme per 100 grammes of steel. 
These figures show that by rapid cooling in water 
rather more than 99 per cent of the entire carbon content 
of magnet steel can be retained in solution, even in the 
case of a, large magnet. 

The smaller the magnet the quicker it cools and the 
greater the percentage of carbon retained in solution. 
A good example of this is afforded by the test-pieces 
of magnet steel from which the demagnetization curves 
given in this and the previous paper were obtained. 
The test-pieces are bar magnets of ellipsoidal form with 
major and minor axes 10*6 cm and 0*51 cm respectively, 
and it has been observed that when these little pieces of 
steel are hardened by quenching in an aqueous solution 
of calcium chloride, the temperature of the steel falls 
from above the saturation point down to 100° C. in rather 
less than 2 seconds, less than l/30th of a minute. Since 
25 X 30 is 750 there is only time for l/750th part of the 
surplus carbide present in magnet steel to pass out of 
solution. In effect the quantity of carbon retained in 
solution when the steel is cold amounts to 99*9 per 
cent of the carbon content of the steel, so that the 
test-pieces when h^-rdened only fall short of the maximum 
possible potency by an insignilicant fraction. In these 
examples it has been assumed that the«critical duration 
within the mobile region is that indicated by the graphs 
in Figs, 17 and 18, namely about 25 minutes. The reader 
has already been warned not to place too much reliance 
on the numerical accuracy of these two diagrams, and 
pending some verification of the scanty observational 
data on which they are founded, the value 25 must be 
accepted with reserve. But a very large error would 
have but little effect on tlic estimated percentage of 
the carbon content retained in solution, :i'o exaggerate 
the possible error we might assume that the value 25 
is twice the true value. That is to say we might suppose 
that the critical duration, where complete softening 
ends and hardening begins, is actually 12*5 minutes. 
In that case it is easily seen that the percentage for 
the large magnet would be reduced from 99 to 98, and 
fdr the small test-pieces from 99*9 to 99*8. These are 
relatively small differences and do not affect the proof 
afforded by the examples that almos^t all the carbon 


contained in magnet steel can be retained in solution 
by the ordinary process of quenching the steel in wa'Jer. 

The numerical examples given in the last paragraph 
show that in principle the rule for estimating the total 
amount of carbon which will be retained in solution 
by any given speed of cooling is of the simplest kind. 
It may be useful to embody the principle in a formula. 
Let C denote the total carbon content of the steel, 

the quantity normally soluble in Alpha iron, and Cg 
the surplus quantity, all these being conveniently 
expressed as percentages of the weight of steel. Let r 
denote the mean rate at which carbon passes from 
solution to crystal during the time the temperature is 
falling from the saturation point to 100° C., the value of 
r depending on the law of cooling, that is to say on the 
shape of the cooling curve, within the mobile region. 
Let t be the actual time occupied in cooling the steel 
through the mobile region when the magnet is quenched 
for the purpose of hardening. Then the quantity of 
carbon which will find time to pass out of solution during 
the quenching will be rt, and putting q for the quantity 
retained in solution we shall have q — C — rt. The 
constant r may be determined by finding the shortest 
time of cooling from the saturation point to 100° C. 
which permits the whole of the surplus carbon to pass 
out of solution and leaves the steel in the completely 
softened state. The shortest time is of course the 
quantity referred to as the critical duration within the 
mobile region, and denoting it by D we have r = GgjD 
so that q = C - Ggt/D. But G - and hence: 

q=G~^ iO-Oa)^ 

It will be understood that before this formula can be 
usefully employed in the practice of hardening, trust¬ 
worthy data must be forthcoming from which to deter¬ 
mine the constants involved. Nevertheless, the equation 
as it stands together with the diagrams given in Figs. 
17 and 18 make it possible to follow the sequence of 
events when a piece of steel cools from a red heat, either 
slowly i?o soften it or quickly for hardening. Quantity of 
surplus carbide, molecular mobility, and the element of 
time are the factors that count both in hardening and 
in softening, and it will be seen that already there is 
promise of a simple arithmetical relation between them. 
The law by which the rate at which carbon passes from 
solution to crystal is connected with the temperature 
of the steel, needs to be known with far greater certainly 
than it is at present. But it may bo anticipated that 
this and other gaps in our knowledge of the doings of 
molecules will be filled up before long, and we may 
therefore look forward with confidence to the day 
when the age-long mystery surrounding the process of 
hardening will be finally dispelled. 

To understand softening is to understand hardening, 
for the two are merely opposite extremes of ^ the same 
process. In giving an account of the softening of 
steel it has only been possible to watch the solute mole¬ 
cules passing from solution to crystal in vast crowds 
and to take a statistical view of their doings. Any 
attempt to trace the course of individual carbide mole- 
I cules, as they shift from their positions as parts of a 
1 solution towards the positions they will occupy as mem- 
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bers of a crystal, is met by baffling difficulties. ^ One or 
twt) details seem clear, however. The molecules do not 
all begin their passage at the same moment, there is a 
continuous stream of carbide molecules passing from 
solution to crystal and, so far as the rather vague 
experimental evidence affords any indication, it appears 
that at any given temperature within the mobile region 
the passage of carbide molecules from one state to the 
other goes on at a uniform rate from start to finish. 
Then, again, it is certain that in a solid body like a piece 
of steel the molecules must be too close together to 
enable them to move about with freedom, and it seems 
that translational movements of individual molecules 
must be greatly hampered by the interference of neigh¬ 
bouring molecules. For this reason the word ‘ * mobility 
must be regarded as belonging to the statistical view of 
molecular movements, and must not be allowed to 
suggest anything of a smoothly flowing nature in the 
journeyings of individual molecules. What sort of 
movement is actually involved in the passage of molecules 
from solution to crystal is not known, but it seems 
more likely to resemble an obstacle race than a steady 
flight from one place to another, 

. Compared with the time occupied by the sluggish 
carbide molecule in shifting itself from solution to 
crystal, the conversion of a molecule of Beta iron into 
the Alpha variety is instantaneotis. The re-arrangement 
of electron orbits which constitutes the allotropic 
change takes place at lightning speed and, no matter 
how rapid the cooling may be when a piece of red-hot 
steel is quenched in cold water, as soon as the tempera¬ 
ture in falling reaches the appropriate allotropic change- 
point, the solvent iron will instantly transform itself 
into the Alpha or magnetic variety. Nothing we can do 
in the way of sudden cooling can prevent that trans¬ 
formation, and the moment it occurs the solute carbide 
molecules find themselves urged to pass out of solution. 
But the obstacle race from solution to crystal has 
scarcely had time to begin before the rapidly cooling 
steel is cold and mobility , has vanished. Deprived of 
their freedom the carbide molecules have nothing for it 
but to stop where they are, in the positions characteristic 
of the state of solution. What keeps them there, whether 
they are in any kind of temporary equilibrium, stable or 
unstable, and what proportion of the total number of 
carbide molecules will stay permanently in the positions 
of solution, are all questions of deep interest, to be 
answered it may be hoped by research. But no matter 
what the answers may be the central fact will remain 
unshaken. So long as the carbide molecules can be 
induced to remain in what appears to be a state of 
solution the potency-giving pattern will be there and the 
hardened steel will be fit for a permanent magnet. 
Abnormal as the solution appears to be, it is none the 
less effective in giving potency to the magnetic 
mechanism. 

(16) The Gradual Decay of Hardened Steel. 

Nothing looks more likely to be lasting than a piece 
of hardened steel, and without j giving a thought to 
molecular mobility we should naturally expect the 
steel to retain its high degree of potency for ever. But 
it is only necessary to make a few measurements of 


coercive force at suitable intervals of time shortly after 
the hardening of a magnet, to discover the disconcerting 
fact that from the moment the steel is hardened the 
potency begins to decay, and with the loss of potency 
the inherent power of the steel to maintain magnetic 
energy gradually decreases. 

When it was first discovered that permanent magnets 
grow weaker with age, it seems to have been tacitly 
assumed that it was the magnetization alone which 
decayed, the steel itself being apparently regarded as 
immutable—^at all events at ordinary room temperatures. 
If that conception of hardened steel survives, the 
evidence given in the present section will finally dispose 
of it, for it will be shown that what is done by plunging 
red-hot steel into a cooling bath immediately begins to 
come undone when the hardening process is at an end. 
Moreover, the undoing goes on year after year and so 
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Fig. 19.—^Decay in the potency of hardened steel. Curve 
showing the rapid loss of coercive force in tungsten 
magnet steel immediately after the hardening, 

• 

far as the investigation has gone at present, there 
is no sign of aift approach to equilibrium. However 
it may be explained, there is no longer any doubt of 
the fact; the potency created in the steel by the har¬ 
dening slowly disappears as time goes on* 

That hardened steel should suffer a gradual loss of 
potency,and hardness seems a foregone conclusion if 
steel is a solution of carbide molecules in iron. For 
the hardened steel certainly contains more carbon than 
is naturally soluble in Alpha iron at room temperature, 
and since the resulting condition must necessarily be 
one of instability, the tendency will be for carbon to 
pass from solution to crystal until the solution is in 
equilibrium. It follows that so long as there is the 
slightest molecular mobility in the solid steel, the 
dissolved carbide molecules must inevitably pass out of 
solution, however slowly; and to the extent that they 
do so, there must be a loss of potency and hardness. 

. It would seerjL that hardly anyone engaged in making 
permanent magnets could fail to notice the gradual 
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falling off in coercive force which takes place after the 
steel has been hardened, but although the fact must 
surely be known, it does not seem to have engaged the 



Fig. 20.—Decay in the potency of hardened steel. Curve 
showing the continued loss of coercive force in tungsten 
magnet steel during 120 days after the hardening. 
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Fig. 21.—^Decay in the potency of hardened steel. Curve 
showing the loss of coercive force in tun^ten magnet 
steel going on for SJ- years after the hardening. 


attention of tlie metallurgist. At all events nothing 
relating to the subject appears to have been published, 
and the lack of information on a matter so closely 
connected with the constancy of the pflrmanent magnet 


led the author, some years since, to set on foot 
a continuous series of tests of the coercive forcev of 
magnets from the time of hardening onwards. The 
method of experiment has been to measure the coercive 
force of a hardened steel bar of ellipsoidal form at 
lengthening intervals of time. Each test consists in 
first magnetizing the steel to the full extent and then 
making an accurate magnetometer measurement of the 
Hopkinsonian coercive force of tlie specimen. It will 
be noticed that by complete re-magnetization before 

Time in years 


0 12 3 



each .test all effects other than changes in the steel 
itself are eliminated. The magnetometer readings of 
coercive force are made to the nearest tenth of a unit, 
and each recorded value is the mean of at least two, 
and in most cases four, independent tests, these being 
made with the magnetization first in one direction 
along the steel bar and then in the other. AJl the tests 
are made with the steel at room temperature. In the 
intervals betv^een the tests the specimens under obser¬ 
vation are subject only to the small temperature 
variations of the air in the experimental room, the 
average temperature being about 18® C. and the maxi- 
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mum and minimum temperatures in summer and winter 
roughly 30® and 12® C. Tungsten steel and cobalt steel 
have been under observation in this way during the 
last four years. The tests are being continued, but 
they already afford convincing evidence that the har¬ 
dened state in magnet steel is far from being a permanent 
condition. 

The coercive force of hardened steel has its maximum 
value immediately after the hardening, and for tlie 
first hour or so afterwards a very rapid decrease takes 
place. But, as time goes on, the rate of change 
gradually diminishes, tending to become more or less 
constant after a month or two. An example of the 
gradual loss of potency is shown in Figs. 19, 20 and 21. 
These three diagrams relate to an ellipsoidal bar of 
tungsten steel which, having been hardened on the 


from a typical specimen of cobalt magnet steel is given 
in Fig. 22. Fuller information is available in this 
instance, complete demagnetization curves having been 
obtained from the test specimen on each occasion when 
a decay test was made. Two of these curves are shown 
in Fig. 23 to illustrate the dependence of available 
energy on potency. The useful energy which the steel 
can maintain naturally falls off as th^ potency decays. 

It will be noticed that some irregularity in the 
progress of decay is indicated by the position of a few 
of the test-points in Fig. 22. A clue to the origin of 
irregularities of this kind has at length been discovered 
by an examination of the decay tests made on another 
sample of cobalt magnet steel. It so happened that in 
this particular specimen a very noticeable increase in 
coercive force took place in the interval between two 



20th November, 1920, has been kept under observation 
from that date to the present time, Fig. 21 recording 
^e progress of decay from the day the steel was 
hardened up to June, 1924. The irregularities shown 
by the test points must not pass unnoticed. Many of 
them are too large to be explained away as observational 
e^ors, and some other cause must be looked for. We 
shall consider these apparent discrepancies again after 
examining the decay curves obtained from cobalt 
inagnet steel, and in the meantime the smooth curves 
shown in the diagrams must be regarded as representing 
merely the general trend of decay in hardened tungsten 
magnet steel. ® 

For the purpose of observation and measurement 
cobalt steel provides a better material for experiment 
thM tungsten steel, since as a result of the greater 
potency of cobalt steel the phenomena of decay occur 
on a much larger scale. A curve of decay obtained 


successive tests, and since it seemed obvious that 
something unusual was going on, the .succeeding tests 
were made at intervals of two or three months, instead 
of adhering to the course adopted in other cases of 
increasing the intervals to six and twelve months as 
the rapidity of decay declined. The more frequent 
observations disclosed the fact that the general course 
of decay was accompanied by a cyclic change of 
decreasing amplitude. By the time the magnet had 
been under observation for several years, it became 
clear that the oscillation in the decay curve was a 
seasonal one witli a complete period of twelve months. 
Wlien this fact is taken into account all the test-points 
easily fall into their right places on a wavy line whidi 
represents the pogress. of decay combined with a 
seasonal oscillation of rapidly decreasing amplitude. 
This remarkable curve is shown in Fig. 24.. The 
coercive force impaediately after hardening the magnet 
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was 180 ‘ 0, and the test made after the lapse of 4 • 4 years 
showed that the coercive force had declined to 161-8 
in that time, a loss of 18*2 units or 10 per cent. 

Seasonal changes having been recognized in cobalt 
steel it was natural to look for them in tungsten steel. 
Evidence of their existence has been sought by plotting 
the test-points recorded in Fig. 21 to a magnified vertical 
scale, and then completing the diagram by a line follow¬ 
ing the course indicated by the relative positions of 
the test-points, so far as it was possible to do so without 



that inimediately after the hardening there is a rush 
of solufe molecules out of solution, the coercive fbrce 
decreasing by from 6 to 8 per cent in the course of the 
first 100 hours. With the lapse of time the progress of 
decay has tended to become a nearly uniform decline, 
apart from the infiuence of the seasonal changes. 
Within a year from the hardening the rate of decay in 
each of the specimens of steel under observation settled 
down to a more or less steady value, which has been 
maintained for three or four years -without any noticeable 
abatement, the steady rate of decay being many 
thousand times smaller than the rate immediately after 
the hardening. 

The rapid initial effect, followed by slow but per¬ 
sistent decay, suggests that the change from solution 
to crystal takes place in two distinct stages. In the 



Fig. 24.—-Decay in the potency of hardened steel. Curve 
obtained from a specimen of cobalt magnet steel, showing 
a seasonal change in the rate of decay during the first 
few years after tlie hardening. 


Fig. 26.—^Decay in the potency of hardened steel. The 
curve given in Fig. 21 for tungsten magnet steel redrawn 
on the assiimption of a seasonal change similar to -that 
shown in Fig. 24. 


making sudden changes in direction. The graph con¬ 
structed in this way is reproduced in Fig. 26 and it 
will be seen that the test-points, which at a first 
examination showed numerous apparent errors, are 
actually quite consistent with the occurrence of a 
seasonal oscillation in -the progress of decay in tungsten 
steel. 

The continuous falling off in the coercive force of 
hardened magnet steel, demonstrated by the tests 
recorded in the diagrams, can only be attributed to 
the passage of carbide molecules out of solution. From 
the general course of the curves of decay it is clear 


first stage we may imagine -the solute molecules to be 
leaving their solution positions and drifting into an 
intermediate condition of temporary independence, half 
way between solution and crystal. Released from -tlie 
bonds of solution the molecules would be free to form 
other ties, and the second stage would consist in mole¬ 
cules coming together to form elementary crystals. At 
first there would be notliing to prevent a rush of mole¬ 
cules into the intermediate state, but as the sort of 
half-way house became crowded, molecules would 
experience more and more difficulty in leaving their 
solution positions. To account for the diminution in 
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the rate of decay we must suppose that the assembling 
of molecules as crystals relieves the crowding' of the 
intermediate state, and on that assumption the rate 
at which molecules would pass into the half-way house 
would ultimately be reduced to an equality with the 
rate at which other molecules, already in a condition 
of independence, were assembling themselves as crystals. 
This would be the state of affairs when the decline of 
coercive force had settled down to a steady rate. 

The intervention of the seasonal change makes it 
difficult to compute the steady rate of decay with any 
precision. So far as it is possible to judge from the 
curves of decay, the coercive force is at present de¬ 
creasing at the rate of about 2*0 units a year in the 
specimens of cobalt magnet steel, and roughly 0*8 units 
per annum in the tungsten steel. These figures give a 
ratio of 2 • 6 and it is of interest to note that the figures 
for the initial values of the coercive force, namely 180 
and 71, are almost in the same proportion. The inference 
must be that the carbide molecules in these two kinds 
of steel pass out of solution at much the same rate. 

There is at present no indication of a falling ofE in 
the rate of decay but it is difficult to believe that it 
can continue unabated. Unless something unforeseen 
puts a stop to the progress of decay the whole of the 
surplus carbide will pass out of solution and the steel 
will ultimately return to the softened state. At the 
present time after four years of decay the coercive 
force of the cobalt steel is about 162 and that of the 
tungsten steel about 64. In the softened state the 
coercive force would be roughly 30 and 16 in these two 
steels, so that the ultimate loss, reckoning from the 
present condition, would be 132 and 48 units respectively. 
Hence if the present steady .rates of decay were to 
continue unchanged, the cobalt steel would be completely 
softened in 132/2, or 66 years; and the tungsten steel 
would be reduced to the same condition in 48/0-8 or 
60 years. Addmg 4 years for the time already elapsed, 
it appears that the whole of the surplus carbide in 
hardened magnet steel might pass out of solution in 
the course of about 70 years from the time of hardening. 
But if the hardened condition of steel lasts no longer 
than that, the gradual softening with time could scarcely 
have remained undiscovered,* and the probability is 
that the rate at which the carbide molecules pass out 
of solution will fall off as the amount of carbide remain¬ 
ing in solution decreases. Assuming tliis as the probable 
course of events, the gradual change in tlie steel from 
the hardened condition to the softened state might 
easily occupy many times 70 years,, if indeed any finite 
limit can be assigned to the duration of a process which 
would be going on at an ever lessening rate. 

So :far the seasonal oscillation of rapidly diminishing 
amplitude remains unexplained. We have learnt to 
associate oscillation with the exchange of energy between 
elasticity and inertia, or between electrostatic capacity 
and inductance, or more generally to the exchange 
between potential energy and kinetic energy, and when 
the amplitude decreases we know that some of the 
energy is being dissipated as heat or at aU events 
escaping horn the oscillatory system by some means 


age 

are 


or other. It is strange to find the well-understood 
phenomena of oscillation reproduced or imitated in a 
molecular disturbance where it would be least expected, 
and with the enormous periodic time of 365 days. 
That the seasonal effect is connected in some way with 
temperature variation may be taken for granted, but 
beyond this all is obscure. The amplitude of the 
oscillation decreases so rapidly that within four years 
from the time of hardening the effect has become barely 
perceptible and there can hardly be a doubt that from 
four years onwards the course of the decay curve will 
be steadily downwards without any noticeable oscillation. 

The investigation thus briefly recorded leaves us in 
no doubt on the main point. Steel, magnet steel at all 
events, which has been hardened by rapid cooling from 
a red heat is not the immutable substance it appears 
to be. On the contrary, steel which has been hardened 
in that way in order to compel the whole of the carbon 
to remain in solution in Alpha iron, is essentially un¬ 
stable. The sudden cooling has no sooner ended than 
decay sets in, the potency, and presumably the hardness, 
gradually decreasing as time goes on. After four years 
the loss of potency is found to be going on slowly, 
steadily and without any sign of coming to an end. 
Nothing short of continuous observation carried on for 
many years can tell us when and at what point tliis loss 
of potency, this gradual change from hardness to softness, 
from solution to crystal, is going to stop. So^far as 
can be told at present, there seems no reason to anticipate 
an end to decay until the whole of the surplus carbon 
having at long last been transferred from solution to 
crystal the steel becomes a solution of just so much 
carbide in Alpha iron as can be retained in stable 
equilibrium. 

The effect which the decay in the potency of hardened 
steel has on the magnetic power of a permanent magnet, 
and the extent to which the loss of potency can be 
forestalled, will be considered in Part IV under the 
heading of Ageing. 

(17) The Essential Molecular Structure for a 
Permanent Magnet. 

The preceding sections have been written in the 
belief that the readiest way to obtain a clear under¬ 
standing of the behaviour .of magnet steel at its best 
is to know what it might do at its worst. Much space 
has therefore been devoted to the various causes of 
magnetic weakness. In Gamma iron the potency¬ 
giving molecules decompose; in ultra-heated steel some 
of the solvent iron persists in the non-magnetic state; 
in hardened steel the potency decays with time. Each 
of these defects involves a loss of useful magnetic 
power, but after all they are matters incidental to the 
making of magnet steel or to the subsequent life of the 
steel as a permanent magnet. They are not the essen¬ 
tials of permanent magnetism, and after a long sojourn 
in the -metallurgical jungle we emerge at last to obtain 
a clearer view of the magnetic mechanism which con¬ 
stitutes the essential magnet. 

If the broad principle. finds acceptance, that the 
magnetic potency of steel has its origin in the molecular 
pattern peculiar to the state of solution, then it will be 
acknowledged that, so far as the magnetic mechanism 
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is concerned, an absolutely uniform solution of potency¬ 
giving caibide molecules in Alpha iron would provide 
all that is essential in a permanent magnet. The 
structure of a solution being invisible in even the most 
powerful microscope, the structural appearances some¬ 
times seen in hardened steel must be attributed to want 
of homogeneity, to incomplete solution due to imperfect 
hardening, or to decomposition, for unless particular 
care had been exercised in the choice of the specimen 
the steel would almost certainly be in a spoiled condi¬ 
tion.* Any visible structures, due to such causes as 
these, far from being signs of magnetic power, would in 
all probability be impediments to its propagation and 
we may be sure that anything seen is not the essential 
mechanism. 

But the solvent itself, Alpha iron, has a structure. 
Solid iron in all its varieties is crystalline, and if the 
picture of a permanent magnet as a solid solution is to 
resemble reality, the nature of the crystalline structure 
and the way it comes about must be borne in mind. 
Any metal which has solidified from the molten state 
is a crystalline substance. That is to say it is built up 
from elements each consisting of a few molecules forming 
some particular kind of orderly group, bound together 
by forces which compel them to assume that order and 
no other. This orderly structure having been initiated 
at some spot, some nucleus, which formed a convenient 
site fo*' the assembling of the first elementary group, 
the conditions at that spot determined the angular 
aspect t in which the first element assembled itself, and 
thereafter all the elements, in obedience to the law of 
crystalline growth, were compelled to adopt the same 
aspect. The cxystal elements are like the bricks in a 
plain wall, where the angular aspect is determined by 
the laying of the first brick. 

Under normal conditions there are innumerable sites 
where crystal growth can begin, and each site or nucleus 
will determine once for all the aspect of the crystalline 
structure that grows up round about it, the aspect of 
the structure not being influenced in any way by the 
different aspects initiated at neighbouring sites. In the 
same way a number of bricklayers might begin building 
detached portions of a wall at all sorts of angles and 
inclinations. After a time—^in practice quite a long 
time—the several portions of growing ^all would meet, 
and as the result of the random choice of aspects, any 
orderly linking up of the pieces of wall would be im¬ 
possible. The boundary between one piece of wall and 
another would be an irregular, badly fitting joint, and 
the most a bricklayer could do would be to fill in all 
the joints with bits of broken brick and mortar. Somer 
thing like this happens with the several crystal structures. 
They grow element by element, brick by brick, until 
neighbouring structures come up against each other and 
the entire space becomes filled with the different crystal 
gro^vths, each growth having begun at its own nucleus 
and preserved the angular aspect that had its origin 

♦ In making experiments on tungsten steels it seems to have been the 
general pmctice of metallurgists to begin by beating the test spedmens for an 
iiour or more at some temperature between 000** and 1000'^ thus partially 
spoiling the stcel'-^md the experiment. 

t Orientation would be a Setter word than aspect, for the uniform angular 
arrangement of cr3%tal growth. But in a paper on permanent mai|nets 
orientation stands for the deflection of the magnetic mollies by a magnetizing 
field, and to avoid confusion the word " aspect is here to the crystal 

structure. 


there. As the result of the different aspects, the meeting 
places of adjacent growths will form rough joints of 
somewhat irregular outline, and it is even supposed 
that the joints are filled in with stray molecules of iron 
and impurities which play the part of the bricklayer’s 
debris of broken brick and mortar.* The general 
appearance of the entire crystalline structure, if the 
individual crystal growths were lai*ge enough to be 
seen, would be something like that sketched in Fig. 26, 
the extent of the ginwth from each nucleus being 
marked b}’' a boundary line indicating the irregular 
joint betvreen adjacent growths. Each area is described 
by metallurgists as a crji^stal grain, or sometimes simply 
as a crystal, t 

The general lack of visible structure in the interior 
of perfectl 3 ^ hardened magnet steel makes it difi&cult, if 
not impossible, to determine the size of the crystal 
grains of Alpha iron. Mere size is, however, immaterial. 



Fig. 26. —Sketch showing how crystal growth, starting from 
a number of originating sites or nuclei, results in a 
number of crystal grains, each restricted in size and 
shape by the growth of neighbouring grains. (Author, 
from a microphotograph by Sherard Cowper-Coles.) 

Visible or invisible the crystal gi’ains are there as the 
necessary outcome of the process of crystaUinc growth 
from a number of sites or nuclei. As a solution, there¬ 
fore, a piece of hardened magnet steel is not a single 
entity, but an assemblage of innumerable crystal grains ♦ 
of Alpha iron each containing molecules of carbide in 
solution. Each grain is a homogenous solution, but 
since the distribution of carbon throughout a piece of 
magnet steel is never perfectly uniform the different 
crystal grains will vary in the proportions of solute 
carbide which they contain, and consequently the 
crystal grains will.differ in their potency. 

Within each crystal grain lies tlie magnetic generating 
mechanism on which attention has been concentrated 
in this and the previous paper. It is an affair of mole- 

* The “araomhous layer** of Professor Beilby. 

• t The word "crystal^* calls up a mental plcxture of a body of .symmetrical 
shape bounded by flat surfaces. These wonderfully beautiful forms are, how¬ 
ever, only possible when there is nothing whatever to interfere with orderly 
growth. Where crystal growth springs simultaneously from sev^l adjacent 
nuclei, as in. the cose considered m the text, each crystal grain is hampered 
by. the^ proximity of its neighbours and in the end its growth is confined to 
fillmg m any space that may still be ai^ilable. The grain is a aystal in a 
sense; but it Is a thwarted oystul, robbed of the beauty of symmetiy in 
outward form. 
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cules, and relatively few molecules are needed to 
coriStruct a complete microcosm of the permanent 
magnet. Assuming that by some means or other the 
magnetic molecules have been arranged in the required 
pattern, the potency-giving pattern, Ewing’s model 
shows that less than 100 molecules of Alpha iron would 
suffice. But to include within the microcosm the means 
by which that pattern is created there must be a suffi¬ 
cient number of molecules of solvent iron and solute 
carbide to create the essential properties of a solution. 
Bearing this in mind, we may imagine a microcosm 
consisting of 1000 000 molecules of Alpha iron as 
solvent, in which are dissolved 39 000 molecules of 
carbide of tungsten, WC, and 39 000 molecules of car¬ 
bide of iron, FcgC, those being in round numbers the 
proportions of the best tungsten magnet steel. Being a 
solution of carbides in Alpha iron, the 1 078 000 molecules 
would arrange themselves in the particular pattern that 
creates potency. So small a number of molecules as 
1078 000 would constitute an inconceivably minute 
crystal grain, yet it would be endowed with the inherent 
magnetism and the potency of hardened magnet steel, 
and would behave in all respects, sa^^e one, like a 
permanent magnet. 

The one exception just referred to arises from the 
fact that within an individual grain the crystalline 
structure has but one angular aspect, whereas a per¬ 
manent magnet is composed of an immense number of 
crystal grains of every variety of aspect. Now in the 
single crystal grain with its uniformity of aspect, it is 
almost certain that the potency would be found to 
depend on the inclination of the axis of magnetization 
with respect to the crystalline aspect, and hence the 
power of the crystal grain as a permanent magnet 
would depend to some extent on the direction in which 
we chose to magnetize it. But in a piece of steel con¬ 
taining a large number of crystal grains, the resultant 
potency is the average of the various individual poten¬ 
cies of a number of grains of every variety of aspect, 
and being an average of that kind the resultant potency 
of the steel is, of course, the same in all dirGctions. 
Apart from that one structural difference and the 
further fact, already referred to, that in the magnet 
the crystal grains would be more than likely to contain 
different proportions of carbon, the permanent magnet 
and the microcosm of 1 078 000 molecules would be 
indistinguishable in their magnetic properties. 

(18) Conclusion. 

Returning to the point from which we set out on 
our metallurgical journey, and recalling the extra¬ 
ordinary complexity arising from the allotropy of iron, 
to say nothing of the precarious existence of carbide 
molecules in Gamma iron, it could hardly have been 
anticipated that in the final view hardened magnet 
steel would take on so simple an appearance. But 
simplicity has only been arrived at by imagining a 
perfection of homogeneity beyond anything attained in 
steel-making, by disregarding many subsidiary matters 
and adhering, so far as possible, to essentials. Even 
so, the simplicity of the picture is to some extent an 
illusion, for wrapped up in the essentials are some of 
the most difficult of unsolved problems, such as the 


nature of solution, the character of the mechanism by 
which the state of solution creates magnetic potency, 
and, above all, the problem of the atom with its electrons 
whirling in planetary orbits. 

In bringing this account of the metallurgy of magnet 
steel to a conclusion the author is only too conscious 
how much it falls short of what an exposition of so 
tangled a subject should be. At the risk of leaving out 
some vital link in the chain, much tliat forms the 
common stock of metallurgical knowledge has been 
omitted in order to attend to matters more directly 
bearing on the magnetic properties of steel. Tungsten 
steel has been taken as the typical magnet steel. Cobalt 
magnet steel behaves in much the same way, but on an 
exaggerated scale. Want of space has prevented 
separate notice of its distinctive features; its pheno¬ 
menal potency—when made in the laboratory; its 
excessive degradation by spoiling—^when made in the 
steelworks. Other omissions, conscious and unconscious, 
can only be set down to want of knowledge. 

Yet, with all omissions, it is hoped tliat the picture 
of magnet steel has been so presented that it can be 
seen as a whole. It is so easy to miss seeing the wood 
because of the trees, and there never was a subject 
more crowded with trees and undergrowth, 

PART IV. 

PERMANENT MAGNETS IN THE MAKING. 

(19) The Medi.®val Art and Mystery of the 
Magnet Maker. 

The ccmpass needle, being the most admirable 
and useful instrument in the whole world, is so 
bungerly and absurdly contrived as nothing more.” 

Barlowe*s Magnetical Advertisements, 1616. 

Industries rooted in tradition naturally lag behind 
and although three hundred years have gone by since 
Barlowe deplored the imperfections of the permanent 
magnet as he knew it, his apt words apply to much that 
goes on to-day in making magnets. Yet in some ways 
things have changed. There has, of course, been a vast 
extension in utility'. Permanent magnetism serves 
many different purposes and the permanent magnet has 
become an indispensable adjunct in engineering. But 
with this incentive to progress the making of a magnet 
is still largely governed by rule-of-thumb notions as it 
was in Barlowe’s time. Bungerly it was, bungerly it 
remains. 

The deadening effect of tradition is not solely to 
blame for this lack of progress in a small but important 
industry. Something must be attributed to the sub¬ 
ordinate position which the industry occupies. The 
manufacture of permanent magnets is not carried on as 
a separate branch of engineering like the making of 
other small adjuncts such as bolts and nuts or ball 
bearings. Permanent magnets are either made by the 
steelmaker for the user, or the user himself makes 
them as one of the components of the apparatus for 
which they ar^ intended. As an industry, therefore, 
magnet-making rather falls between two stools and the 
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progress that comes from concentration of effort is 
lacking; for wherever the magnets are made, their 
manufacture is but a small branch subsidiary to the 
main stem. The natural consequence is that permanent 
magnets are for the most part made in the light of that 
kind of vague knowledge that leads nowhere. 

The object of the present paper is to assist the magnet 
maker, whoever he may be, in overcoming some of the 
difficulties that beset him. It is hoped that in the 
following pages a useful light may be thrown on some 
of the many obscurities and particularly on those 
darker places in the way where the present writer, as 
one of the mediaeval fraternity of magnet makers, has 
constantly found himself stumbling. Attention has 
first been directed to the metallurgical facts of magnet 
steel, in the belief that future improvement in the art 
of magnet-making must be founded on a better know¬ 
ledge of the raw material than has hitherto been 
available. Consideration will now be given to the 
practical bearing of some of the subjects dealt witlr in 
Part III. In addition to matters relating to present 
practice, a novel departure in making permanent magnets 
by casting them in ordinary magnet steel will be de¬ 
scribed, and lastly some of the unsolved problems to 
which future research might well be devoted will be 
briefly referred to. 

The earliest form of permanent magnet made of steel 
was the compass needle, and the art of magnet-making 
may be said to date from the invention of the mariner^s 
compass. Just when that was no one knows, but the 
permanent magnet certainly antedates such things as the 
electric telegraph and the dynamo by untold centuries, 
and it is by no means .surprising to find traces of its 
early origin still clinging to it. Throughout tlie making 
of a magnet from the mixing and melting of the in¬ 
gredients of the steel in a crucible, to tlie hardening of 
the magnet, at every stage there is something to remind 
us of a mediaeval art and mystery. To watch steel 
being poured from a crucible into an ingot mould or to 
see a workman harden a magnet is to live again in the 
middle ages. Of late years the metallurgical chemist 
and the pyrometer have made good progress in the 
uphill task of replacing tradition and rule-of-thumb by 
knowledge, but speaking generally the manufacture of 
permanent magnets, including the making of magnet 
steel, is still in a backward state and contrasts un¬ 
favourably with the precision and uniformity that has 
been attained elsewhere in modern engineering practice 
by the application of scientific method. 

Up to the present time magnet steel has invariably 
been produced in the form of rolled bar, the common 
practice being to melt from 60 to 80 lb. of metal in a 
crucible and pour it into an ingot mould. The ingot, 
having been reheated and reduced to a smaller section 
by cogging, is finally rolled down to the particular 
section required by the magnet maker. A ton of steel 
produced in this way is the product of between 30 and 
40 crucibles and, not unnaturally, variations in com¬ 
position are frequent, more particularly in the vital 
matter of carbon content. The figures given in Table 8 
show the extent of the irregularities that occur in 
practice. The wide variations in carfeon above and 
below the specified percentage are ^^^ite enough to 


condemn the traditional method of melting steel by 
driblets in little crucibles. ^ 

Uniformity in composition can only be ensured by 
melting steel in bulk, a ton or more at a time. Mainly 
as the result of the introduction of electric furnaces, 
this improvement in practice has been generally adopted 
for steels which are used in large quantities, but the 
comparatively small demand and the difierent compo¬ 
sitions which magnet makers, rightly or wrongly, 
believe to be necessary, have afforded little inducement 
to the steelmaker to mix and melt magnet steel in 
bulk. The time is ripe for the change, and so far as 
tungsten magnet steel is concerned there seems no 
reason why the optimum composition given in Sec¬ 
tion (21) should not be equally applicable to all purposes. 
Assuming the optimum composition to be generally 
adopted by magnet makers, the steelmaker would incur 


Table 8. 


Inference 

Carbon 

Tungsten 

Year 

No. 

Specified 

Found by 
analysis 

Specified 

Found by 
analysis 

1917 

1 

0-70 

0*622 

6*0 

6*27 

1917 

2 

0-70 

0*666 

5*0 

5*38 

1917 

3 

0-70 

0-562 

6*0 

6*41 

1918 

4 

0-70 

0*661 

6*0 

6*24 

1918 

5 

0-70 

0*860 

5*0 

6*85 

1918 

6 

0-70 

0*691 

5*0 

6*24 

1919 

7 

0-70 

0*889 

6*0 

6*64 

1910 

8 

0-70 

0*776 

6*0 

5-54 

1919 

9 

0-70 

0*712 

6*0 

6*52 

1919 

10 

0*70 

0*703 

6*0 

4*69 

1920 

11 

0-70 

0*633 

6*0 

6*03 

1920 

12 

0-70 

0*726 

6*0 

6*02 

1920 

13 

0-70 

0*804 

6*0 

6*93 

1921 

14 

0*70 

0*699 

6*0 

6*29 

1921 

15 

0-70 

0*726 

6*0 

6*13 

192r 

16 

0-70 

0*714 

6*0 

6*26 

1921 

17 

0-70 

0*663 

6*0 

6*27 

Analyses of various batches of rolled tungsten magnet 
steel supplied by four Sheffield steelmakers. 


no risk in melting steel of that composition in bulk; 
the resulting ingots being subsequently rolled down to 
suit the requirements of individual users. 

A more insidious fault than want of. uniformity in 
composition is the spoiled state in which rolled magnet 
steel leaves the steelworks. As the several processes of 
manufacture are conducted at present, spoiled magnet 
steel is the rule, unspoiled steel the exception. In this 
respect there is nothing to choose between one steel¬ 
works and another, common practice in making magnet 
steel being at fault. 

Another troublesome defect in magnet steel is the 
presence of incipient cracks, or if not actual cracks a 
weakness of structure which easily gives rise to cracks. 
The final cause of cracking is, of course, the violent 
process of hardening by sudden cooling, but difierent 
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lenj^lis of steel which have been rolled at one ,time are 
often found to differ greatly in the tendency to crack 
in hardening. This clearly indicates some occult 
structural weakness in the individual length of rolled 
steel, a weakness which might easily arise if the rolling 
ended at an unduly low temperature. 

Having survived the perils of the steelworks, more 
or less impaired in magnetic quality and mechanical 
strength, the lengths of rolled steel become the raw 
material of the magnet maker. The first step is to cut 
up the rolled bar into short pieces of the appropriate 
length for a magnet. The magnet lengtlis are then 
heated to about 900® C. and forged or bent to the 
required shape. After trimming the ends and drilling 
holes for fixing screws, if they are required, the shaped 
pieces are hardened from a temperature of about 850® C. 
by quenching them in cool water or oil. The hardened 
pieces are then magnetized, the method of magnetization 
depending on the shape of the magnet. With a suitable 
outline, the magnet can be included in the magnetic 
circuit of a powerful electromagnet; but if the shape 
given to the steel does not lend itself to that simple and 
expeditious 'method, a temporary exciting coil must be 
wound round the magnet and a current of the necessary 
strength passed through it.’ In the author's practice 
the actual winding of a coil is avoided, the exciting coil 
consisting of a number of detachable links which are 
readily removed for the insertion of the magnet. After 
magnetization the magnet is usually subjected to some 
treatment intended to secibre constancy of magnetic 
power. 

The mischief done to the steel in making a magnet is 
confined to the processes of forging and hardening. It 
is impracticable to forge or even to bend a piece of 
rolled magnet steel without heating it to a temperature 
within the danger zone, and consequently some further 
degradation by spoiling inevitably* occurs. But the 
spoiling at this stage is small compared with what the 
steel has already suffered in the steelworlcs, and by 
limiting the duration of heating the spoiling can be 
reduced to a negligible amount. The temperature to 
which the steel must be heated for the purpose of 
hardening is also within the danger zone, but here 
again spoiling is easily made negligible by limiting the 
duration of heating. Inherent in the process of harden¬ 
ing by rapid cooling is the risk of cracking and distortion, 
evils which after centuries of experience remain uii- 
mastered. 

This brief history of the production of a magnet, 
from crucible to quenching bath, is enough to show the 
need for improvement in manufacture. Erratic com¬ 
position, excessive spoiling, and the liability to cracking, 
are the outstanding defects. As regards the first, no 
one looks for perfect uniformity of composition, but it 
ought to be possible for the steelmaker to confine the 
errors within much narrower limits than he does at 
present. The prevention of spoiling during the manu¬ 
facture of magnet steel is another matter for the steel¬ 
maker. The remedy has already been referred to in 
Section (13). It is a problem in heat treatment and 
will be readily solved when once it is attacked with 
knowledge. Cracking and distortion go together. Both 
-need scientific investigation but the subject is full of 


difficulty, and research is likely to be prolonged. To 
find rtoedies for these evils is eminently a problem for 
industrial research—^it will never be solved by the 
nostrums of the toolmalcer. 

Fortunately practice has a way of making light of 
the most baffling difficulties, and the magnet maker 
often manages to turn out a few wonderfully good 
magnets, in addition to a vast number of indifferent 
ones and many wasters for the scrap heap. Success is 
contingent on a number of chances occurring one after 
the other. If the steelmaker happens to mix the 
ingredients of magnet steel in the right proportions; 
if the carbon happens to distribute itself uniformly; if 
the steel when heated for the rolling happens to escape 
from the danger zone into the region of temperature in 
which restoration takes place; if the magnet maker 
happens to succeed in persuading all the potency-giving 
carbide molecules to remain in an abnormal state of 
solution in Alpha iron; and lastly if the magnet, in 
hardening, happens not to crack—if all these things 
happen in due order then a powerful permanent magnet 
is forthcoming. 

All this relates to the practice of maldng permanent 
magnets from bars of rolled steel. The drawbaclcs 
incidental to rolling the steel and forging the magnet 
to shape, including nearly all the degradation by spoil¬ 
ing, would be gone if in place of the casting of ingots, 
followed by rolling and forging, the molten steel were 
to be cast at once in the shape of a magnet, pole pieces 
and all. In Section (23) it will be shown that cast 
magnets of ordinary magnet steel present many points 
of advantage over magnets of rolled steel and are in no 
way inferior in magnetic power. 

Whether a magnet is to be a casting or a piece of 
rolled bar, the first step is the same. The designer 
must choose the kind of steel and the percentage com¬ 
position that answers best to his requirement. Tliese 
matters will therefore next engage our attention. 

(20) The Cost of Magnetic Energy : Carbon Steel, 
Tungsten Steel and Cobalt Steel Compared. 

The choice of steel for permanent magnets is governed 
by several considerations. Economy in cost is often 
the deciding factor, but even when some technical 
advantage to b^ gained outweighs economy, it is useful 
to compare the gain with the additional cost, provided 
the magnets are large enough or numerous enough to 
justify such a comparison. We shall, therefore, begin 
with the purely economic aspect of tlie problem as it 
affects the choice of steel for magnets of the dimensions 
commonly met with in electric supply meters, industrial 
measuring instruments, magneto generators, and other 
apparatus requiring magnetic energy in considerable 
quantity. Such magnets as these are large enough to 
be made either by casting them or by forging them 
from rolled bar; magnets which are too small to be 
made in those ways fall into a different class and will be 
considered separately. 

In making a magnet either by forging it or by casting 
it, the various operations are the same whatever kind 
of steel is used, and consequently the only difference in 
cost between magnets made of different kinds of steel 
lies in the cost* of the steel itself—^the raw material. 
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The three steels which are suitable for permanent 
magnets differ greatly in price per pound, but in this 
instance, as in so many other manufacturing problems, 
to buy the cheapest (the business man*s rule of life) is 
not the way to economy. Magnet steels differ not only 
in cost but also in the amount of magnetic energy they 
can maintain, and, other things being the same, the 
steel to choose is the one which gives the required 
energy at the lowest cost. Both factors must be taken 
into account in making a choice between one kind of 
steel and another, and it will, therefore, be convenient 
to embody them in a formula. 

Let the total quantity of magnetic energy which a 
magnet is required to maintain in external space be 
denoted by B, That is to say, let E stand for the useful 
energy plus the energy in the leakage field. Let e 
denote the maximum available energy per cm^, which 
can be maintained by the particular land of steel it is 
proposed to use; then the volume of steel for an 
economic magnet will be Efe cm^. Multiplying by the 
density d, and dividing by 463*6, gives the weight of 


their kind. The carbon steel is an excellent brand of 
pure carbon tool steel and, although it is not sold as 
magnet steel, the available energy is unusually high for 
carbon steel. The tungsten steel is of the standard 
composition and the figure for available energy vras 
obtained from a length of rolled bar which happened to 
be almost unspoiled. The cobalt steel was received 
from the steelworks in a badly spoiled condition, the 
maximum available energy being only 23 800 ergs per 
cm^. The piece of steel from which the necessary 
demagnetization curve was obtained was first submitted 
to the restoration process, referred to in Part III as 
applied to tungsten steel. After this heat treatment 
the available energy was found to be 30 300 ergs, an 
improvement of 27 per cent. This is the highest value 
the author has so far obtained from any cobalt steel; 
and the figure 30 300 ergs has been used as the basis 
for the tabular figures of cost on the assumption that 
it is possible for the steelmaker to supply this steel 
in an unspoiled state. If, however, the spoiled condition 
in which the steel was supplied represents the best the 


Table 9. 


Description of Magnet 
Steel 

<* 


A 

Density of the 

Weight of steel 
in one magnet 

Price of steel 

Cost of the steel 

Energy per cm* 

volume of steel 

steel 

per lb. 

1 magnet 

1000 magnets 

Tungsten 

ergs 

cm* 


lb. 


d. 

£ 

14 000 

107 

8*17 

1*93 


26 

106 

Carbon 

7 170 

210 

7*82 

3*62 


40 

166 

Cobalt 

30 300 

49*5 

8*27 

0*90 


81 

337 

Comparative cost of permanent magnets of equal power, made of Carbon steel, Tungsten steel, and Cobalt steel. 

E is assumed to be 1500 000 ergs. 


tlie magnet in pounds, and, denoting the price of the 
steel by p, the cost of the steel for the magnet will be :— 

E d 

Cost of steel for energy J?? = — -- p 

e 463*6'^ 

In the previous paper it was shown that in a magnet 
the maximum available energy per caa® of magnetized 
steel, when stated in terms of flux and potential differ¬ 
ence, is numerically equal to the maximum product of 
co-ordinates of the demagnetization curve obtained from 
a closed ring of the same steel after complete magneti¬ 
zation.* Hence, assuming that a demagnetization curve 
of the steel has been obtained, the quantity e is known. 
It should be noticed that since E and e appear in 
the formula as a ratio, these quantities may be 
expressed either in ergs or in units of flux and potential 
difference. 

The cost formula makes it easy to compare the 
relative values of different magnet steels, and as an 
example of the use of the formula a comparison of this 
kind is given in Table 9 for the three kinds of magnet 
steel in use at the present time. The tabular figures for 
the available energy e were obtained in each case ^rom 
specimens selected for the purpose as lining the best of 

* Jotfrnal /,E.E., 1920, voh 68, p.<708. 


. steelworks can do, then 27 per cent must be added to 
the tabular figures for the cost of cobalt steel. 

A glance at the cost table shows what an immense 
advantage tungsten steel has over the other two from 
the economic point of view. If the only question is 
how to provide any piece of apparatus with the magnetic 
energy it needs at the lowest cost, then the choice 
necessarily falls on tungsten steel. Carbon steel is 
62 per cent more costly. Cobalt steel if unspoiled will 
cost three times as much as tungsten steel; and if it is 
spoiled it will cost more than four times as much. The 
disparity may be stated in another way. To bring the 
other two steels down to the same levehof economy as 
tunsten steel costing 13d. per lb., the price of carbon 
steel must be reduced to 7d. per lb.; unspoiled cobalt 
steel to 28d. per lb., spoiled cobalt steel to 22d. 

. per lb. 

Turning now to the technical advantages of one steel 
over another, it is clear from the figures in the cost 
table that carbon steel is inferior to tungsten steel in 
cost, in volume and in weight. It is also evident that 
any advantage which cobalt steel may possess over 
tungsten steel will, haye to be paid for by an increase 
in the cost of steel for any given magnetic requirement. 

I The cost table shows that of two magnets of the 
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same magnetic output, one made of tungsten steel and 
the other of cobalt steel, the latter will occupy less 
than half the space. The cobalt steel referred to in 
the cost table has nearly three times the potency of 
tungsten steel and consequently the length of the cobalt 
steel magnet will be about one-third that of the other 
magnet, provided both are designed for maximum 
economy. In some circumstances the reduction in 
length would be a valuable feature. For example, it 
sometimes happens that the size of the box in which 
some piece of apparatus is enclosed is governed by the 
length of the magnet, and in such cases the additional 
cost of the cobalt steel magnet may be outweighed by 
a saving in the cost of the box. Again, in portable 
apparatus the lighter weight of the cobalt steel magnet 
is in its favour; but whether the saving in weight is 
worth the additional cost will depend on who carries the ’ 
apparatus. 

Although no one who has mastered the principle of 
magnetic economy, established in the previous paper, 
can be under any illusion, the idea is still widely prevalent 
that cobalt steel necessarily makes a more powerful 
magnet than tungsten steel. It cannot be too often 
repeated that if a permanent magnetic field of any 
given strength is required in any given space, it 
can always be supplied by a magnet, made of any 
kind of steel vrhich is magnetic. But different steels 
will result in magnets of very different size and cost, 
although they will one and all fulfil the given require¬ 
ment. A cobalt steel magnet will be smaller than the 
tungsten steel magnet but it will cost more than twice as 
much, the two magnets being exactly equal in their 
useful magnetic power. Each will be capable of 
supplying the required magnetic field, neither more 
nor less. 

However, the small size of the cobalt steel magnet is 
not the only point in its favour to be set off against the 
very high cost of the steel. Cobalt steel has another 
advantage—^its unrivalled ability to withstand de¬ 
magnetizing forces. Taking the simplest possible case 
for comparison, that of two bar magnets, one of tung¬ 
sten steel the other of cobalt steel, both temporarily 
subjected to an adverse stray magnetic field of 20 units, 
the effect would be a permanent loss of strength 
amounting to about 14 per cent in the case of tlie tung¬ 
sten steel magnet compared with rather less than 3 per 
cent in the cobalt steel magnet, an advantage of roughly 
5 to 1 in favour of cobalt steel. Magnets which are bent 
so as to form a more or less closed magnetic circuit do 
not admit of so simple a comparison, but if two magnets 
of the same shape are subjected to a demagnetizing field, 
the. cobalt steel magnet will have the same relative 
advantage over tungsten steel as regards loss of strength 
arising from the action of stray magnetic fields. Whether 
the advantage is worth the extra cost of cobalt steel 
will depend on • the conditions of use. In many applica¬ 
tions of permanent magnetism the magnet never comes 
under the influence of extraneous magnetic fields in 
excess of two or three units at tlie most, and when 
that is the case a tungsten steel magnet which has been 
properly treated for stability is just as good as one of 
cobalt steel, so far as stray fields are concerned. 

The permanent magnets of ignition magnetos, and 


other magneto generators, are liable to be greatly reduced 
in strength by the action of the armature current. In 
this example of demagnetization cobalt steel has but 
little advantage over tungsten steel if both magnets 
have been designed for economy of steel. But if mag¬ 
netic economy is entirely disregarded, the substitution of 
tungsten steel magnets by magnets of the same size 
and shape made of cobalt steel will be advantageous 
as regards demagnetization. But in this simple replace¬ 
ment the advantage is only gained at an extra cost far 
in excess of the relative figures indicated in the cost table. 

In considering the pros and cons of cobalt magnet steel 
it must always be borne in mind that at present prices, 
and for any given magnetic power, tungsten steel is 
by far the cheaper steel. To bring the two steels to the 
same level of cost their prices must be in the same pro¬ 
portion as their maximum available magnetic energy, 
namely 14 100 to 30 000, a ratio of 2* 2. In other words, 
if two magnets, one of cobalt steel and the other of 
tungsten steel, are to do the same useful magnetic work 
at the same cost for steel, then the price per pound for 
cobalt steel of the best quality must not be more than 
2 • 2 times the price of tungsten steel. 

Considerations of economy which govern the design 
and material of magnets of large size do not apply with 
the same force to small magnets which lend themselves 
by their size and shape to being stamped out of sheet 
steel or cut to length from drawn rod or wire. In 
magnets which are formed by such means as these, 
magnetic economy is outweighed by cost of production 
from the raw material, and some sacrifice must be made 
in order to use steel of a composition which makes it 
suitable for the operations of stamping or drawing. 
Production by stamping from sheet steel necessarily 
involves a considerable waste of metal in addition 
to the sacrifice of magnetic power, but in some cases 
the loss may be justified by the saving in manufacturing 
cost. 

(21) The Optimum Composition of Tungsten 
Magnet Steel. The Alien Elements. 

It has been demonstrated in the last section that, on 
the score of economy, tungsten magnet steel has no 
rival at the present time. It will now be shown that 
the best composition of this steel, far from being a 
matter of guesswork, is a problem capable of being solved 
once for all by methodical experiment. 

It has been known for a generation or more that 
tungsten steel makes a better magnet than carbon steel, 
and anyone would think there had been ample time to 
discover the best proportions of tungsten and carbon, 
more than time enough if the problem had been attacked 
systematically. But that was not to be. In the past, 
those who had to do with the making of the steel and 
the magnets being, above all, practical men, their habits 
of thought were naturally averse to anything resembling 
orderly scientific method. It was inevitable that 
accustomed ways should be continued in the hope of 
finding the best mixture by trial and error. No one 
knowing what to aim at, progress was slow and crab- 
like, more especially as one greatly disturbing factor, 
the degradation^ of magnet steel by decomposition, was 
left out of accouht. With no better guide, than random 
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experiment, the proportions of caxbon and tungsten 
have naturally varied over a wide range. Carbon 
content has ranged from less than 0*5 per cent to as 
much as 1 • 0 per cent, and the tungsten from 3 per cent 
to 10 per cent or more. But, however slow it might be, 
the general movement was towards mixtures which at 
all events showed some approach to finality, and some 
twelve or more years since at least one German steelmaker 
was making magnet steel containing 0*70 per cent of 
carbon and 5 per cent of tungsten, proportions not very 
far from the best composition. To-day the consensus 
of opinion among steelmakers would probably put 
the carbon somewhere between 0*6 and 0-7 per cent 
and the tungsten at about 6 per cent. To this point, 
then, ttial and eiror have managed to bring us in the 
course of 30 or 40 years, entirely unaided by knowledge 
of the factors which govern the magnetic energy main¬ 
tained by magnet steel. Like all improvements founded 
on the same primitive methods, the advance has only 
been made at excessive cost in time and money. With 
the better knowledge of the relation between steel and 
permanent magnetism that is now available, it is possible 
to determine the best composition of any kind of magnet 
steel from first principles. Taking the maximum useful 
magnetic energy per unit volume of steel as the criterion, 
the necessary data can be obtained from the demagnetiza¬ 
tion curves of a number of specimens of steel in which 
the proportions of the several constituents are varied in 
suitable gradations. 

For the determination of the best composition for 
tungsten magnet steel the necessary experimental data 
have already been obtained, mainly in the course of the 
author's investigation of the relation between carbon 
content and coercive force in steel containing 6 per cent 
of tungsten. The maximum available energy was 
ascertained experimentally for each of the samples of 
steel used in the preparation of the carbon-coercive- 
force curve given in Fig. 9. On plotting carbon content 
and available energy as co-ordinates a curve was obtained 
showing a steady increase of energy with increasing 
carbon, rising to a maximum for a carbon content of 
about 0*73 per cent. Beyond this point the energy 
gradually decreased, the curve being traced up to a 
carbon content of 1*3 per cent. But this preliminary 
determination of the most favourable barbon content 
was made before the discovery of the deficiency of Alpha 
iron in ultraheated tungsten steel. After the investiga¬ 
tion of ultraheated steel it became clear that if any of 
the specimens used in determining the available energy 
happened to be in the ultraheated state when under 
test, the value of the energy computed from the observa¬ 
tional data would be less than the maximum which the 
steel would be capable of maintaining if all the iron were. 
in the Alpha state. But a deficiency in Alpha iron only 
affects one of the factors of magnetic energy, namely 
the flux. The other factor, arising indirectly from the 
potency of the steel, would be unaffected ; since ultra¬ 
heated tungsten steel when hardened has all the carbon in 
solution, and consequently the steel would have the full 
potency corresponding with the carbon content. Hence 
the ppssibly ultraheated condition of the test-pieces would 
affect neither the accuracy of the carbou^coercive-force 
curve nor the accuracy of the preliminary^ figure obtained. 
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for the best carbon content, namely 0*73 per cent. 
But by reducing the flux factor, ultraheating would 
result in a lower value for the energy corresponding 
with any given caxbon content. These considerations 
led the author to make a careful scrutiny of all the 
available experimental records in order to utilize only 
those experiments in which the heating which the steel 
had undergone, before the hardening, had been sufficient 
to convert all the iron into the Alpha state. The 
energy values which survived this examination are 
plotted in Fig. 27. The three test-points indicated by 
crosses relate to three test-pieces which are not on 
quite the same footing as the others, the record in their 
case being incomplete, but so far as they go these three 
test-points confirm the general course of the curve. 

It need hardly be said that in seeking to determine 
the best the steel can do, the presumption is always 



Fig. 27. —^Available magnetic energy of hardened tungsten 
magnet steel containing 6 per cent of tungsten. Curve 
showing the relation between the carbon content and 
• the available energy in ergs per cm® of steel. 

in favour of the highest observed values, subject, of 
course, to errors of observation. Lower values are 
always apt to occur , from those accidental deficiencies 
of one kind and anpther to which magnet steel is only 
too liable. The point plotted at M deserves particular 
attention. It was determined from two Ifcest-pieces of 
6 percent tungsten, steel used in the course of the experi¬ 
ments on the spoiling and restoration of magnet steel. 
Two pieces were cut from a length of rolled bar which 
had been selected for experimental use by reason of its 
quite exceptional uniformity in carbon content. 'Part 
of each piece was made into an ellipsoidal test-piece for 
the magnetometer, and the remainder submitted to 
chemical anal 3 ^is. The demagnetization curves obtained 
from the two. ellipsoids were indistinguishable from one 
another. The carbon content of the two specimens 
proved on analysis to be 0*736 and 0* 736 per cent. In 
;the. author's experience • of experimental work of this 

61 
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nature, such; uniformity as this is very seldom realized. 
It is merely a fortunate chance that the two specimens 
of steel happen to give an energy value closely ap¬ 
proaching, if not actually coinciding with, the maximum 
ordinate of the curve in Fig. 27, and that this particular 
point should have been determined with exceptional 
precision. 

The curve given in Fig. 27 expresses the law governing 
available energy and carbon content in 6 per cent 
tungsten steel, as closely as existing observational data 
can determine it. In the nature of things the highest 
point of a rounded curve such as this cannot be sharply 
defined, but the most favourable carbon content is 
certainly above 0*70 and below 0*76 per cent. It will be 
near enough to take the mean value, 0-73 per cent, as 
the optimum carbon content. 

Having determined the total quantity of carbon, 
attention must next be directed to the proportion in 
which the total should be divided between the two 
carbides WC and FegC. All the specimens of steel 
used in determining the maximum energy contained 
6 per cent of tungsten. Hence when the steel contains 
the optimum proportion of carbon, namely 0 • 73 per cent, 
carbide of tungsten will utilize 6 X 12/184, or 0-39, 
leaving 0*34 to form carbide of iron. That is to say, 
out of a total of 73 molecules, each containing an atom 
of carbon, 39 molecules will be tungsten carbide and 34 
wiU be carbide of iron. As matters stand, therefore, 
there is a rough equality in the number of the two 
kinds of potency-giving molecule. For some reason or 
other there is always a presumption (real or imagined) in 
favour of equality, and in the present case the suggestion 
receives support from the carbon-coercive-force curve 
given in Fig. 9. Examination of the two portions of 
the curve shows that for a carbon content of 0*73 per 
cent, the upper curve S2, which relates to the molecule 
FegC, has a greater slope than the lower curve SI at 
the corresponding point, namely carbon 0 • 39 per cent. 
Hence if, without changing the total carbon content, a 
little carbon were to be transferred from the tungsten 
carbide to the carbide of iron the increment of coercive 
force arising from Fe 3 C would be greater than the decre- 
ihent in the coercive force produced by the tungsten 
carbide, and the transfer would increase the potency of 
the steel. Assuming for the moment that the shape of 
the upper curve S2 is not affected in any way by the 
transference of carbon, it is easy to trace the increase 
in coercive force by measuring successive increments and 
decrements on the curves S2 and SI. The figures given 
in Table 10 have been arrived at in this, way and 
it will be se^ that according to the tabular figures a 
tungsten content of 6*2 per cent would yield the 
highest coercive force. But it is certain that the 
transfer of carbon from one carbide to the other 
would gradually change the shape of the curve S2. . To 
what .extent the change would affect the figures, in 
Table 10 cannot be determined, but a comparison of the 
.upper portion of the curve in Fig. 9 with Mme. Curie's 
curve for carbon steel (Fig. 8), shows that the altera- 
:tion in the shape of S2 will be in the. direction of a 
r'diminished slope. Now with a diminished slope: it is 
certeiu that the highest coercive force would be given 
;by ai( tuhgsten .content greater than per .cent, and 


consequently the most favourable tungsten content 
must be somewhere'between 6*2 and 6*0 per cent. 
Nearer than this it is not possible to go at the present 
time, and knowing no better we shall again take the 
average figure, putting the optimum tungsten content 
at 6 • 6 per cent. With this percentage of tungsten the 
carbon in the form of tungsten carbide will be 
6*6 X 12/184, which is 0*366 per cent. This, as it 
turns out, is exactly half the total amount of carbon, 
0-730 per cent, and since the remainder of the carbon 
forms carbide of iron we shall have the number of 
molecules of FegC exactly equal to the number of 
molecules of tungsten carbide. Hence, so far as it 
is possible to judge from the carbon-coercive-force 
curve, a total carbon content of 0-73 per cent will yield 
the maximum potency when one-half of it is in the form 


Table 10. 


Carbon 
as FeaC 

Carbon 
as WC 

Tungsten 

Coercive force 

Derived from 

Total 

FeaC 

WC 

0*33 

0*39 

6*00 

26*3 

46-0 

,70-3 

0*34 

0-38 

6*85 

26*1 

44*7 

70*8 

0*36 

0-37 

6*69 

26*9 

44*3 

71*2 

0*36 

0*36 

6*64 

27-4 

44*0 

71*4 

0*37 

0-36 

6*38 

28*1 

43*4 

71*6 

0*38 

0*34 

6 *22* 

28*9 

42*9 

71* 8* 

0*39 

0*33 

6*08 

29-6 

42*2 

71*7 

0-40 

0*32 

4*92 

30*0 

41*6 

71*6 

0*41 

0*31 

4*77 : 

30*6 

40*6 

71*2 

0-42 

0*30 

4*61 ! 

31-1 

39*9 

71*0 

0-43 

0*29 

4*46 

31-6 

38*9 

70*6 

0-44 

0-28 

4*31 

32*0 

37*8 

69*8 


Tungsten steel containing 0*72 per cent of carbon. 
Computed variation in total coercive force with vary¬ 
ing content of tungsten, showing a maximum potency 
with 6*2 per cent of tungsten. 


* Maximum. 

of tungsten carbide and the other half is carbide of 
iron. 

- . It should be noticed that a change in the way in which 
the total carbon is divided between the two carbides 
only affects one of the factors of magnetic energy, 
namely, that arising indirectly from the potency, and 
hence the apportionment which yields the highest potency 
must necessarily give the maximum available energy. 
The presumption in favour of equality of the two 
carbides is therefore justified by the facts so far as they 
are known.' 

. Having ascertained the most favourable percentage 
for the total amount of carbon, and noted that equality 
of the. two. carbides gives the maximum energy, .the 
optimum conaposition ’ of tungsten magnet steel is 
isettledi.. r.For eesy.xeference; the composition is set out 
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in Table 11 both in percentage quantities and in pro¬ 
portional numbers of molecules. 

In every analysis of steel a number of alien elements 
force themselves on our attention, their prominence 
being> out of all proportion to the quantities in which 
they occur. The aliens commonly present in magnet 
steel are sulphur, phosphorus, arsenic, silicon and man¬ 
ganese; but occasionally copper, nickel and chromium 
occur. The total quantity of alien elements found 
by analysis in a number of batches of tungsten magnet 
steel, siipphed by different steelmakers, has amounted 
on an average to 0-63 per cent of the weight of steel; 
the smallest amount in any lot of steel being 0*29 per. 
cent and the largest 0*76 per cent. 

Among the aliens, sulphur, phosphorus and perhaps 
some others, are believed to be detrimental to the 


Table 11. 


Composition by Analysis, 

Element 

Percentage weight 

Iron 

93*00 

Tungsten. 

5*60 

Carbon 

0*73 

Aliens (allowance) 

0*67 

Total 

100*00 

Molecular Composition, 

Solvent iron (diatomic) .. 

1000 

Carbide of tungsten, WC 

39 

Carbide of iron, Fe 3 C 

39 

Aliens (allowance) 

22 

Optimum composition of tungsten magnet steel 

(author). 



mechanical strength of steel, but it is unlikely that any 
of the aliens, with the exception of manganese and 
chromium, have an appreciable effect on magnetic 
properties. If the aliens were not there, a little more 
space would be available for iron and to that extent 
their absence would be beneficial. Manganese in 
excess is unwelcome in a permanent magnet. This 
dement is added to steel in order to counteract the in¬ 
jurious influence of sulphur on mechanical strength, 
the manganese combining with the sulphur to form an 
innocuous sulphide. But in magnet steel . there ^ is 
always a good dehl more manganese than is necessary 
for this purpose, and it is to the surplus that suspicion 
attaches. Manganese is known to form a non-magnetic 
compound with iron, and the* surplus quantity in magnet 
steel is often idnough to rob the magnetic mechanism 
of its-magnetic molecules to the extent ^f '3 or 4 per 
cent; Oh this. account,- it** fe- .desirable\-ta limit* tht 


percentage of manganese to an amount which will serye 
the intended purpose without leaving more than a 
small excess; 

. Chromium needs a paragraph to itself. The great 
potency-giving power* of carbide of chromium, and the 
loss of magnetism in steel containing chromium, have 
already been referred to in Section (6). The very high 
coercive force imparted to steel by chromium was 
discovered many years ago by Mme. Curie, who at the. 
same time was aware of the harmful effect of chromium 
in magnet steel. But this knowledge has not, even yet, 
found its way into every steelworks. Now and again, 
at intervals of a few years, steel containing chromium 
is introduced as a newly-discovered magnet steel, stress. 
being laid on high coercive force. But the deficiency 
of inherent magnetism, which invariably outweighs 
the gain in potency, is either overlooked or at all events 
passed oyer in silence. There can hardly be a doubt 
that the deficiency in Alpha iron is the result of 
ultraheating, just as it is in the case of tungsten steel, 
and it may be assumed that the harmful effect of 
chromium could be removed by suitable heat treat¬ 
ment. But judging from, the behaviour of high¬ 
speed tool steels, the ultraheated condition, once 
acquired, is retained with extraordinaiy persistence 
when the steel contains chromium, and until a practicable 
remedy is forthcoming for deficiency in the inherent 
magnetism, chromium even in very small quantities 
should be avoided both in tungsten steel and carbon 
steel. So far the only serviceable remedy has been the 
introduction of another magnetic element, namely 
cobalt. But even this seems only a partial remedy, a 
considerable deficiency in magnetism beiiig a common 
fault in cobalt magnet steel. 

The great potency-giving power of carbon combined 
with chromium is naturally an alluring fact, but it 
seems incumbent on those who wish to exploit it that 
they should begin by making a thorough inv^tigation 
of the action of chromium, with a view to annulling its 
harmful mfluence on magnet steeL 

(22) The Cpndition of Rolled Magnet Steel as 
IT COMES from the STEELWORKS. 

Bars of rolled magnet steel are, for the most part, 
badly spoiled. . They are also in the fully ultraheated 
condition. These statements apply both to tungsten 
steel and cobalt steel. . 

It will be convenient to attend first to the effect of, 
ultraheating and to consider the practical steps to be 
taken for bringing. the steel into the nbrmal or all- 
Alpha state required for a good magnet. The abnor-: 
mal condition of rolled magnet steel as the .magnet, 
maker receives it is illustrated by the three demagneti^a- 
tioii curtes given in Fig. 28, These curves were obtained 
qne after another frorn a test-piece made from a^ bar. of. 
ordinary^ rolled magnet steel, containing 6 per cen.t;ofj 
tungsteii' and Q*70 per cent of carbon. The first curve, 
A,' '^as obtained’ when the steel was in the condition in 
which it was received from the rolling mill. The secqnd 
.curve, B,. was obtainecl aftei; hardening the test-piece. 
The. third curve, C, Was, .obtained after sOfteii^g. the 
Hardened test-piece by heating it to ‘ fOO®. C,. Jcefipihg.it, 
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atj:hat temperature for two minutes, and then^ allowing 
it to cool in the open air to room temperature.* 

A moment's consideration will show that curve A 
cannot represent magnet steel in a normal condition. 
Iron and steel are rolled at a bright red heat and after 
the operation the rolled bars are allowed to cool down 
slowly. As the temperature of the metal falls slowly 
through the region between 700® and 600® C. there is 
ample time for the whole of the surplus carbide to pass 
from solution to crystal, and hence if the steel after 
being rolled were in the normal state it would give a 
demagnetization curve like curve C, in which the coercive 
force is rather less than 18. But in fact the steel as it 
came from the rolling mill had a coercive force of 29, 
or 11 units greater than the value for the softened 
piece. 

The phenomena of ultraheating are described at 
length in the Appendix; where it is shown that in 



magnet steel in different states 

Curve A, the steel ia the softened state as received from the 
steelworks; illustrating the effect of ultraheating. 

Curve B, the steel after being hardened. 

Curve C, after softening the hardened steel. ^ 

tungsten magnet steel which has cooled down slowly 
enough to permit all the surplus carbide to pass out of 
solution, a coercive force so high as .29 units is a clear 
indication that the steel is in the'y. fully ultraheated 
condition. Now the rate at which a bar of steel cools 
down after the rolling gives ample time for the whole 
of the surplus carbon to pass from solution to crystal, 
and consequently the piece of rolled steel from which 
curve A was obtained must have been in the fully 
ultraheated state. Iii the author's experience this is 
invariably the case with rolled magnet steel as it comes 
from the steelworks. 

Two methods of heat treatment for curing ultraheated 
tungsten magnet steel axe described in the Apjpendix. 
It can be done by prolonged heating at about 700® C.; 
or as an alternative the steel can be cured in two bpera- 

* The reader who associates softening with the vagiie annealing, easily 
imagines it to be a lengthy operation possibly invol^^gsloyr cooling over many 
hours. It is, however, an afiair of a few minutes when it takes place within 
the region of temperature' just below the boundary where Beta is transformed 
into Alpha iron. Here the steel is still red hot and the molecular mobility so 
great that the whole of the surplus carbide will pass out of solution in a couple 
of minutes, leaving the steel quite soft. Given that brief time, slow coolmg 
thereafter is needless, and the steel might then be dropped into cold water: it 
would be just as soft. 


tions, each consisting of heating to about 760® C. and 
then immediately allowing the steel to cool down slowly. 
The latter plan is the more convenient in practice, 

' because of the two heats which are necessary for a 
complete^ cure, one is performed incidentally in the 
course of forging or bending the magnets to the required 
shape. 

Assuming that the forging or bending heat is relied 
on to complete the cure, the first curing heat may be 
performed as follows. After cutting up the rolled bars 
into pieces of the required length for making magnets, a 
number of pieces may be packed together inside a 
furnace and heated. As soon as the temperature of the 
steel has risen to 760° C., the supply of heat should be 
cut off and the furnace, with the steel inside it, allowed 
to cool down* Under these conditions the temperature 
of the steel will fall through the region favourable to 
curing, that is to say from 760® C. to about 600® C., 
slowly enough to remove about two-thirds of the 
whole effect of ultraheating. In other words, tiie 
amount of Gamma iron present in fully ultraheated 
6 per cent tungsten steel will be reduced from 16 per 
cent to about 6 per cent. 

An incidental result of this first operation for the cure 
of ultraheating may be noticed in passing. In the course 
of the operation, the temperature of the steel-will be in 
the neighbourhood of 700® C. for some minutes. There 
will, therefore, be ample time for surplus carbide to pass, 
out of solution, and consequently at the conclusion of 
the operation the pieces of steel will be soft and easy to- 
machine. 

For the purpose of forging or bending the pieces of 
steel to the required shape, they will subsequently be- 
heated to about 900® C. At the conclusion of the- 
process they must be allowed to cool down slowly in 
the ordinary way. By this means the steel will, for 
the second time, pass slowly tlirough the temperature 
region favourable to curing and the remainder of the 
ultraheating effect will be removed, leaving the steel 
in the normal or all-Alpha state. 

The preliminary heat may perhaps be regarded as an. 
unnecessary refinement. If it is omitted, however, 
the slow cooling after forging will be the only opportunity 
given to the ultraheated steel to return to the normal 
state, and out bf the 16 per cent of Gamma iron not 
more than 9 or 10 per cent can be counted on with 
certainty to change into the Alpha variety. Hence 
the steel will be likely to contain at least 6 per cent, 
of Gamma iron and consequently the finished magnet 
will be 6 per cent weaker than it need be. 

Turning now to the consideration of tlie spoiled 
condition in which magnet steel comes from the steel¬ 
works, it must be borne in mind from the outset that,, 
unlike ultraheating which is a curable disease, spoiling 
cannot be cured effectively after the steel has been 
rolled down into bars. So far as the magnet maJeer 
' is concerned, spoiling is an incurable disease, present in. 
nearly all the magnet steel he buys. 

Ultrabeating and spoiling affect the two properties, 
which give rise respectively to the two factors of the 
useful energy which a magnet is intended to maintain. 
Ultraheating Aversely affects the inherent magnetisirt 
of the steel, spoiling injures the potency. The extent 
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of the injury caused by spoiling varies over a wide 
range, the variation being much the same in every 
batch of rolled magnet steel. In this respect there is 
nothing to choose between the product of one steel¬ 
maker and another. All are alike, the uniformity of 
mischief pointing to a common practice in the heat 
treatment which the steel receives in course of manu¬ 
facture. An example of the product of one steelworks 
will fairly represent them a.11, and for the purpose of 
illustration we shall choose a batch of tungsten steel 
which, in composition, closely approached the optimum 
proportions, the average of three analyses showing that 


Table 12. 


Group 

Number of 
lengths of 
rolled bar 

Coercive 

force 

Deficiency 

(units) 

Available energy, 
ergs per cm* 


0 

71 

0 

14 000 

a 

1 

70 

1 

13 800 

b 

0 

69 

2 

13 700 

c 

2 

68 

3 

13 600 

d 

4 

67 

4 

13 300 

e 

9 

66 

6 

13 160 

f 

17 

66 

6 

13 000 

g 

26 

64 

7 

12 800 

h * 

32 

63 

8 

12 600 

i 

37 

62 

9 

12 420 

j 

29 

61 

10 

12 260 

k 

19 

60 

11 

12 070 

1 

11 

59 

12 

11 900 

m 

7 

58 

13 

11720 

n 

3 

67 

14 

11 660 

0 

4 

56 

16 

11370 

P 

0 

56 

16 

11200 

q 

0 

64 

17 

11000 

r 

1 

63 

18 

10 800 


202 lengths of steel in the batch. 

Spoiled condition of a typical batch of rolled 
tungsten magnet steel. The 202 lengths of steel in 
the batch are classified according to coelcive force. 


the steel contained 6*05 per cent of tungsten and 0*732 
per cent of carbon. With the aid of the carbon- 
coercive-force curve given in Fig. 9, it is easy to show 
that when steel of this composition is in the hardened 
state it should have a coercive force of 71*0, provided 
it is unspoiled. 

The batch of steel was supplied in 202 lengths rolled • 
to a rectangular section 1 in. wide and fin. thick. 
In accordance with tlie. usual routine, two samples cut 
from each length were hardened and tested for coercive 
force in order to gauge the • extent of degradation by 
spoiling. The mean value of the coercive force of a 
pair of samples was taken as the coercive force of the 
corresponding length of rolled bar. The tests are 
classified in Table 12, where the 202 lengths are sorted 
out into groups according to their coercive force, all the 
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observe4 values for the different lengths in any group 
being within half a unit either way of the tabular figure. 

It will be seen that the coercive force of this batch of 
steel varied from a maximum of 70 to a minimum of 
63, the degradation arising from the spoiling which 
the steel had undergone in course of manufacture, 
varying from 1 unit at the best to 18 units at the worst. 
Precise figures for the corresponding loss of magnetic 
energy are not so easily obtained. They could only be 
arrived at by the laborious method of tracing a de¬ 
magnetization curve for every length of steel in the 
batch. It can be shown, however, that for any given 
flux density the falling off in energy as the result of 
spoiling is nearly proportional to the falling off in 
coercive force. Hence with the aid of two demagnetiza¬ 
tion curves, one for unspoiled steel and the other for 
the same steel badly spoiled, the energy loss for any 
degree of spoiling which falls between the two curves 
can be estimated with sufficient accuracy by a method of 
interpolation. In the present case the demagnetization 
curves given in Fig. 16 axe available, since they relate 
to the particular batch of steel we are now considering. 
By interpolation between curve 1 and curve 2, values 
have been computed for the maximum available energy 
of the steel in each group of lengths in the batch, and 
the computed figures have been inserted in Table 12. 
The energy of the 202 lengths of steel in the condition 
in which they were received from the steelworks varied 
from 13 800 ergs in. the least spoiled length to 10 800 ergs 
in the most badly spoiled piece. In terms of available 
magnetic energy the mean degradation of the batch is 
a little over 11 per cent, and at the worst it is 23 per cent. 

The figures given in Table 12 show how great is the 
need for radical improvement in the manufsicture of 
magnet steel. Apart from the one or two lengths of 
really good tungsten magnet steel which sometimes 
occur, apparently by accident, unspoiled magnet steel, 
as a regular product, is unknown.* In place of it the 
magnet maker receives a strange assorment of more or 
less decomposed steel. What is he to do with it ? 
If he deigns hiS magnets on the basis of the available 
energy of the least badly spoiled steel in the batch, then 
the magnets in bulk v^l fail to meet his requirement. 

. On the other, hand, if the worst steel in the batch is 
taken as the basis of design, then the bulk of the magnets 
will contain a greater volume of steel than they need, 
an excess which has to be paid for. 

An example with money in it will drive the point 
home. Suppose some piece of apparatus is to be made 
in considerable numbers. To fix our ideas we may 
suppose a thousand of them are to be made at one time, 
and that each requires a permanent magnetic, field of 
2 000 in an air space 10 cm^ in area, and 0 * 6 cm in length 
measured along the lines of force. With these dimensions 
and strength of field, the magnetic energy maintained 
in the air space will be 796 000 ergs and, allowing for 
an equal amount in the leakage field, the total require¬ 
ment will be 1 690 000 ergs. We may suppose that the 
permanent magnet which is to provide this energy is to 
be made of tungsten magnet steel like that classified in 
Table 12, and that the length of steel at the bottom of 

* .up to the present, time, the author has not come across a single piece of 
cobalt magnet steel that was not badly spoiled. 
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the list has been returned to the steelmaker useless. 
tSc magnet must now be designed either on the basis 
of the best length in the batch which gives 13 800 ergs 
per cm®, or on that of the ’worst remaining lengths, 
namely those in group (o), vdiich give 11 370 ergs per cm^. 
In the first case the volume of the magnet will be 
1 690 000/13 800, and in the second case 1 690 000/11 370. 
At the best, therefore, the volume of the magnet will be 
115 cm® and at the worst 140 cm®, the corresponding 
weights being 2*07 lb. and'2 *62 lb. One thousand of 
these magnets will be required and, allowing 10 per cent 
for the wastage of steel in cutting up and machining, 
the total quantity of steel will be 2 277 lb. in the first 
case or 2 772 lb. in the second. A comparison of the 
cost of 1 000 magnets is given in Table 13, where the 
price of the steel is that ruling in November 1923> for 
6 per cent tungsten steel containing -0*7 per cent Of 
carbon: 

It will be seen that to ensure every c magnet fulfilling 
the requirement, the only course open to the magnet 
maker is to found his design on the most badly spoiled 
steel in the batch. This involves an inarease oi 23 per 


Table 13. 


Condition of steel 

Weight of 
one magnet 

Cost of 

1000 magnets 


lb. 

£ 

Spoiled 

2-62 

150 

Unspoiled .. 

207 

123 

Comparative cost of tungsten steel 

permanent 

magnets of equal power, made of spoiled steel and 
unspoiled steel. 


cent in the quantity of steel, and in effect the material 
for the magnets costs 22 per cent more than it need do. 
In other words, if the magnets are to do what they are 
intended to do, the magnet maker is called upoh to pay 
a kind of tax, amounting to between £20 and £30-a ton, 
for the privilege of using decomposed steel. 

It is desirable to find*a remedy for this state of things. 
In the author’s opinion a complete remedy is well within 
the bounds of possibility and, although it is the business 
of the steelmaker to make unspoiled magnet steel it may 
be useful to state briefly what are the grounds for 
believing it to be possible to produce rolled magnet, 
steel in the unspoiled or restored state. But first to 
clear the air. Nothing is to be gained by ringing the 
changes on the ingredients. For so long as the potency 
of magnet steel is derived from molecules which, like the 
carbides of iron and tungsten, suffer decomposition in 
Gamma iron, it is surely obvious that no modification 
in the proportions of the constituents of the steel can 
have any material effect on the spo iling . The warning 
is called for because already one enterprising steel^- 
maker has tried to cure the disease by changing the 
proportions of fhe solute molecules. His plan was to 
reduce the quantity of carbon. The argument seems 
to have been that since unstable carbide molecules are 
the origin of the miscluef the fewer there are of them 


the better. Accordingly some of them were left out 
and to make up the depleted coercive force a little 
chromium was added. The result might have been 
anticipated. There was no improvement; on the con¬ 
trary, the deficiency in carbon and the presence of 
chromium reduced the available magnetic energy in 
the entire batch of steel, but left the disease of spoiling 
untouched. In short, the attempt at improvement, 
however well intentioned, was misconceived; a.plum 
pudding cannot be improved by leaving out some of 
the plums.’ Research may one day discover a hew 
potency-giving molecule of a more stable kind; one that 
does not suffer any decomposition at the temperatures 
usually attained in making magnet steel. That would, 
of course, entirely remove the source of degradation by 
spoiling, but a remedy will never be found by tinkering 
with the proportions of the known constituents of 
magnet steel. 

Pending the possible discovery of a perfectly stable 
molecule of the potency-giving kind, we have to make 
the best of the magnet steels already known, and the 
'problem for the steelmaker is to modify the heat treat¬ 
ment of the steel in such a way that the rolled bars 
are turned out in the unspoiled or restored state. In 
both tungsten steel and cobalt steel slow decomposition 
is inevitable in course of manufacture because it is 
impossible to avoid the danger zone of temperature. 
But at any temperature above the upper boundary of 
the danger zone, recombination is equally certain and 
in that fact lies the true remedy for spoiled steel. 

The author's investigations have been mainly con- 
.cemed with tungsten steel. Cobalt steel behaves in 
much the same way both as regards spoiling and restora¬ 
tion, but the hmits of the danger zone of temperature 
have not been determined. In what follows, therefore, 
attention will be confined to tungsten steel. The 
temperatures referred to will be those measured in the 
course of the author's experiments; they are probably 
true for any ordinary tungsten magnet steel within 
about 6 degrees either way. 

It has been shown in Section (13) that the boundary 
where spoiling ceases occurs at about 1 214® C.; and that 
at 1 240® C. restoration proceeds with such rapidity the^t 
very badly spoiled steel would be completely restored 
in the course of two or three minutes. Hence if every 
piece of steel, before being rolled, were to be heated to 
1 240® C. for a few minutes the problem of spoiled steel 
would be solved. For the steel would be restored before 
it was rolled and in place of the deplorable range of 
degradation sho\vn in Table 12 we should have every 
length of steel in the batch as good as the best, all 
equally unspoiled. 

It is for the steelmaker to find out how to carry out 
the restoring operation in practice: Difficulties will 
naturally be encountered but none are likely to be in¬ 
superable. High temperatures >are in themselves a 
difficulty, but it is an encouraging fact that the tempera¬ 
tures already attained in ordinary practice are not yery 
fax below the restoring temperature* This we may 
easily see without pr 3 dng into the secrets of the steel¬ 
works, because every length of magnet steel which 
comes from th^roUing mill has the outline of its thermal 
history written art large all over it in magnetic characters* 
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By way of example we may consider the history of some 
of the lengths of steel classified in Table 12, choosing 
those in group (i) as representing the average of the whole 
batch of steel so far as spoiling is concerned. Since the 
lengths in this group are badly spoiled they must neces¬ 
sarily have been within the danger zone (between 760® 
and 1214® C.) for some considerable time. But in 
common with all rolled tungsten magnet steel this batch 
of steel was in the fully ultraheated state and conse¬ 
quently it must have attained a temperature above 
1 073® C., the ultraheating boundary. Hence the tem¬ 
perature of the steel preparatory to the operation of 
rolling must have been somewhere between 1 073® and 
1 214® C. It will be sufficient for our present purpose to 
strike an average between these two figures and say 
that the temperature to which the steel was raised for 
the purpose of rolling whs about 1140® C. It will be 
observed that this is no more than 100 degrees below 
the temperature at which the restoration of spoiled steel 
takes place with great rapidity. Clearly, then, the 
restoration of the steel does not involve any extraordinary 
advance in temperature. 

It remains to account for the occurrence of a few 
unspoiled lengths of steel now and again. Molten steel 
is unspoiled, but the metal cannot remain so from the 
time it was poured into the ingot mould until it arrived 
at the rolling mill, because in the interval it has cooled 
down and then been heated again, thtlis passing more 
than once through the danger zone. The steel is there¬ 
fore necessarily more or less spoiled before it is ready for 
the rolling. Hence the only possible explanation of 
the casual production of a few lengths of unspoiled 
steel must be that occasionally the temperature of the 
rolling-mill furnace rises above 1 214® C. and sets going 
the process of restoration. How far restoration will go 
depends on three factors, namely the extent of spoiling 
to be made good, the margin of temperature or number 
of degrees above 1 214® C., and the time afforded for the 
progress of restoration before the steel is withdrawn 
from the furnace for rolling. With a small margin of a 
few degrees only, it might easily happen that the steel 
was removed from the furnace and rolled before the 
restoration was complete. With a larger margin, if for 
example the temperature rose to 1240® C„ complete 
restoration would be effected in two qj: three minutes. 
In this way it seems possible to account for the common 
occurrence of a few bars of steel very little spoiled, and 
the occasional production of one or two lengths which 
show no trace of spoiling; by accident they have been 
completely restored immediately before they were 
rolled. 

Whatever the precise explanation may be, the fact 
that unspoiled, or perfectly restored, magnet steel is 
occasionally produced is conclusive evidence that the 
temperature of the steel, shortly before rolling, sometimes 
exceeds 1214® C.; or to speak more precisely, the 
temperature rises now and again above the upper 
boundary of the danger zone and passes into the region 
in which restoration takes place. The means for pro¬ 
ducing the restoring temperature are therefore already 
in existence in evmy steelworks where magnet steel is 
inade.and rolled, and sometimes that temperature is 
attsdned. It may be an accident, periAps an undesir¬ 


able accident from the steelmaker’s point of view. 
Nevertheless, when that accident is made deliberate and 
intentional the production of decomposed magnet steel 
in rolled bars will become a thing of the past. It is not 
a question of gradual improvement. Below 1 214® C., 
or whatever the precise temperature turns out to be, 
things will go on just as they do now. Above 1214® C. 
there will be no spoiled steel. It will be improvement 
per salium, all or none. 

In the following section it is shown that permanent 
magnets can be produced by casting them direct from 
molten magnet steel, a method which may ultimately 
oust the traditional rolled steel magnet altogether. The 
cast magnet has the incidental advantage of being almost 
entirely unspoiled. 

(23) Cast Magnets. 

In the previous paper* a distinction was drawn 
between the customary form of magnet made from 
rolled steel bar of uniform sectional area, and the ideal 
form in which the sectional area is gradually diminished 
from the neutral section, along the magnet limbs, to 
the polar surfaces; the gradual reduction in area being 
done in such a way as to secure uniform flux density in 
the steel. It was pointed out that ‘'magnets of this 
kind utilize the steel to the best advantage, but until it 
becomes possible to make permanent magnets in the 
form of magnet-steel castings, so as to permit the 
sectional area to be varied appropriately, the magnet of 
uniform density must be regarded as an ideal type.” 

Shortly after the publication of that paper, the 
suggestion that permanent magnets might be cast was 
taken up by the British Scientific Instrument Research 
Association, in order to ascertain whether it was possible, 
with the means already available, to make sound 
castings in magnet steel of the forms required for per¬ 
manent magnets; and, if so, whether magnet steel 
in the cast state was suitable for the purpose. The 
problem was mainly one for the steel foundry, and the 
Association had the good fortune to obtain the co- 
operaticm of Sir Robert Hadfield, who undertook the 
preparation of such experimental castings as might be 
required in the course of research. At the request of 
the Director of Research, Sir Herbert Jackson, the 
present writer dealt with the magnetic part of the in¬ 
vestigation and, by arrangement, this section of the 
paper takes the place of a formal Report to ttie Committee 
of the Association. 

The universal and age-long practice of using rolled 
steel for perm^ent magnets has led, not unnaturally, 
to the idea that in some way or other the rolled state of 
steel and permanent magnetism go together, almost as 
cause and effect. It is not easy to rid ourselves of a 
notion of this kind, even when there is no rational 
foundation for it. The first step, therefore, was to ascer¬ 
tain what magnetic difference there is, if any, between 
the rolled and the cast state of magnet steels. For this 
purpose a few cylindrical rods, of about 1 in. diameter, 
were cast in tungsten magnet steel for comparison with 
roUed steel of approximately the same composition, the 
cast metal containing, by analysis, carbon 0*69 per 
cent and tungsten 6*1 per cent. ^ The cast rods presented 
♦ /ottwol r JS.E., 1820, vol. B8, p. 797. 
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much the same external appearance as ordinary steel 
castings, the surface being perhaps rather mofe deeply 
pitted than usual; but of porosity there was no sign. 
Having turned ofE the skin in the lathe and finished the 
cast rods as true cylinders, their average density, com¬ 
puted from their weight and dimensions, was found to 
be 7-92. This figure is to be compared with. 8*17, 
which is the density of rolled tungsten steel of. the same 
composition, the difference being 3*1 per cent. On 
sawing the rods in half lengthways so as to secure a 
longitudinal section, a small pipe ** was found, extend¬ 
ing along the axis for the greater part of the length. 
The pipe is, of course, the result of the contraction during 
cooling, and it accounts for most of the difference in 
density just noticed. Elsewhere the steel was sound, 
only one or two very small bubbles being visible on 
the sawn surfaces. 

Two magnetometer test-pieces of ellipsoidal form 
were machined from the sawn cylinders, care being taken 



Fig. .29. —Cast tungsten magnet steel. Demagnetization 
curve obtained from a specimen of the cast steel in the 
hardened state. The points marked by crosses are 
taken from a t3^ical specimen of rolled tungsten magnet 
steel in the hardened state. 

to avoid using the steel in the neighbourhood of the 
pipe. These two test-pieces having been accurately 
measured and weighed, their densities were found to be 
8*081 and 8*134 respectively, the mean value being 
8*107, which is less than 1 per cent below the density 
of the rolled steel. 

The test-pieces were . next hardened by quenching 
from a temperature of 850® C. It has been shown in 
Section (16) that immediately after hardening the coer¬ 
cive force of magnet steel is abnormally high, and it 
only settles down to a reasonably ; steady value after 
several hours. For this reason it is necessary in all 
work of precision to allow a good many hours to elapse 
after the hardening before embarking on magnetic 
tests. In all the investigations described in this paper, 
including those referred to in the present section, a long 
interval, on no occasion less than 17 hours, has been : 
allowed for the hardened steel to settle down. 

The two hardened test-pieces proved to be so nearly , 
identical in their magnetic properties that the differences . 
between them would be barely perceptible on the scale 
of the magnetic curves in this paper. A demagnetiza¬ 
tion curve plotted from the mean values,of the observa¬ 


tions made on the two test-pieces is given in Fig. 29. 
For comparison a number of points, marked on the 
diagram by crosses, have been taken from the 
demagnetization curve of a specimen of rolled tungsten 
steel of approximately the same composition as the 
cast steel, namely about 0*7 per cent of carbon and 6 
per cent of tungsten. A quantitative comparison of 
the rolled and cast specimens is given in Table 14. 

The figures in the table show that, of the two test- 
pieces, the cast steel is slightly inferior to the rolled 
metal, but the differences are no greater than those 
frequently met with between two specimens of rolled 
steel taken from different bars in the same batch, or 
even from the same bar; and they probably arise from 
the same cause, namely small variations in the content 
of carbon. The small differences in the tabular figures 
dispose at once of the idea that the rolling of magnet 
steel has any marked influence on magnetic properties. 
For the purpose of maldng magnets there is clearly no 


Table 14. 


Magnetic quantity 

¥ \ 

Rolled steel 

Cast steel 

Coercive force 

64*6 

64*4 

Remanent flux density 

10 810 

10 660 

Economic flux density 
Available M.M.F. per cm at 

7 260 

7 160 

the economic density .. 
Maximum available energy 

45*6 

46-3 

in ergs per cm® of steel.. 

13 160 

12 880 

Magnetic comparison of cast tungsten magnet steel 
with rolled steel of the same composition. 


material; difference between the cast and the rolled state 
of tungsten magnet steel. 

At the suggestion of Sir Robert Hadfield a similar 
comparison was made between cast and rolled specimens 
of cobalt magnet steel, the composition chosen for 
experiment being one which gives a maximum available 
energy of about 24 000 ergs per cm» of steel, not far 
short of double the energy of tungsten magnet steel. 

In the case of tungsten steel, magnetic data for the 
rolled state were already available in abundance and it 
was unnecessary to make special tests of the rolled metal 
for the purpose of comparison. But that is far from 
being the case with cobalt steel, and it was necessary to 
adopt a different procedure in order to make a strict 
comparison between the cast * and the rolled metal. 
The method adopted was to melt the required quantity 
of steel in a crucible and to cast several test rods and a 
small ingot from the molten metal, thus ensuring uni¬ 
formity of composition. The cast cylindrical rods were 
dealt with in precisely the same ’wa.y as that already 
described in connection with tungsten steel, twomagneto- 
meter test-pieces of standard ellipsoidal form being 
machined from them. The ingot was cogged and rolled 
down into a bar of convenient section, from which two 
similar magnetometer test-pieces were prepared.’ The 
four test-pieces%ere then hardened by quenching them 
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from 900® C., and a complete demagnetization curve 
was obtained from each test-piece after the lapse of 
about 20 hours.. 

The two curves for the cast metal being very nearly 
alike, an average curve plotted from the mean ordinates 
of the pair of curves will fairly represent the magnetic 



Fig. 30. —Cast cobalt magnet ^teel. Demagnetizatioh curves 
obtained from the cast and the rolled steel, in the 
hardened state. 


condition of the cast metal. The same applies to the 
two curves obtained from the rolled steel specimens. 
The two average demagnetization curves are shown in 
Fig. 30, and a quantitative comparison between the 
rolled and the cast metal is given in Table 16, the figures 
being derived from the average curves. 


Table 15. 


Magnetic quantity 

Rolled steel 

Cast steel 

Coercive force.. 

138 

% 

147 

Remanent flux density .. 

9 900 

9 660 

Economic flux density 
Available M.M.F. per cm at 

6 400 

6 400 

the economic flux density 
Maximum available energy 

910 

94-6 

in ergs per cm® of steel.. 

23 200 

n 

24 000 

Magnetic comparison of Cast cobalt magnet steel 
with rolled steel of tlie same composition. 


It will be noticed that in tins comparison the advantage 
rests with the cast steel, although the difference is but 
small. The available energy of the rolled metal is less 
than that of the cast to the extent of about 3 per cent, 
and. the reason for this inferiority is not far to seek. If 
the two demagnetization curves in Fig. 30 axe compared 
with those for spoiled and unspoiled magnet steel in 
Fig. 16, it will be seen at once that the difference between 
the two curves for cobalt steel is of the same character 
as that which results from partial spoiling, or decom¬ 
position of the solute.molecules. The spoiling effect is 
always much more noticeable in cobalt magnet steels 
than it is in tungsten steels, and. in theJJtesent example a 


small degree of spoiling no doubt took place during, the 
heating‘preparatory to cogging and rolling down >the 
ingot. 

Here we light upon an incidental, but most important, 
advantage possessed by magnet steel in the cast state. 
It has escaped the liability to dangerous heat treatment 
which is encountered by roUed steel; a casting only 
passes once, and that fairly quickly, through the danger 
zone of temperature. 

Having shown that for practical purposes cast magnet 
steel is just as good as the rolled bar, the next step was 
to attempt the casting of some typical permanent 
magnet. The question what is a typical form of 
magnet was not easily answered. The simplest course 
would have been to choose some form of magnet already 
widely used and make an exact copy of it in wood to serv^e 
as a pattern for the steel foundry. But to do this 
would have been to repeat the blunder made by primi¬ 
tive man at the time when he gave up chipping axes out 
of nodules of flint and took to casting them in bronze. 
He made the bronze axe exactly the same shape as the 
stone axe and by so doing preserved the ancient difficulty 
of fastening the axe to the handle. His sluggish mind 
took centuries to realize that in casting the bronze a 
hole might easily be made for the handle. 

To copy a rolled steel magnet would have been to 
turn a blind eye to half the advantage to be gained by 
casting a magnet. In making a magnet from rolled bar 
the designer is naturally restricted to such forms as may 
be readily fashioned by merely bending the bar, a restric¬ 
tion which often involves some sacrifice of magnetic 
efficiency. There need be no hampering limitation of 
that kind about a cast magnet, which might evidently 
be made of any shape the designer chooses, provided 
the pattern lends itself reasonably well, by its rounded 
outlines, to the viscous flow of molten magnet steel— 
a fluid which runs more like thick treacle than limpid 
water. 

With this wide freedom as regards shape, the same 
considerations that led the designer of d 3 mamos and 
motors to discard the primitive electromagnet with its 
yoke and limbs, in favour of the field magnet system of 
the present day witli its internal poles enclosed by a ring 
casing, suggested that the cast magnet might well take 
a similar form. One point of advantage possessed by 
the ring with internal poles is the decreased magnetic 
leakage, a matter of far greater consequence for a 
permanent magnet than for the electromagnet. Accor¬ 
dingly several alternative patterns of the ring type were 
prepared and castings were made from them, both in 
tungsten steel and in cobalt steel, ^ 

Excellent castings were obtained from all the patterns, 
the .specific gravity, determined by weighing in water, 
giving no measurable indication of porosity. There 
being nothing to choose between the different castings 
it. was only necessary to select, as a good .example of a 
cast magnet, tlie pattern which appeared to lend itself 
best to magnetic and structural requirements. This 
model is shown in Pig. 31, the upper figure being the 
casting as received from the foundry, and the lower 
figure the finished magnet. A cylindrical iron core 
is shown, fixed concentrically with tlie polar surfaces 
to form air-gaps to receive a moving coil of .standard 
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size. Tbe main object being to ascertain,the possibility 
of pasting a magnet of ordinary capacity .as"regards 
ma^etic energy, actual dimensions were of secondary 
importance. Nevertheless the; size of the pattern had 
been roughly proportioned to an ordinary requirement, 
on the basis of a casting ip tungsten magnet steel. It 
was intended that the magnet, when fully paagnetized, 
should maintain a magnetic field of about 2 600 in the 
air-gaps, and a rough computation, based on the 
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Fig. 31.—permanent magnet cast in the form of a ring 
with internally projecting poles. (Cast by Hadfields for 

the British Scientific Instrument Research Association.') 
€ 

demagnetization curve for cast tungsten steel (Fig, 29) 
showed that to fulfil this requirement the length of the 
magnet, measured along the magnetic axis, should be 
about 26 cm, and the total sectional area of the two 
half-rings in parallel should be about 6*8 cm®. The 
foundry pattern was therefore designed with a view to 
obtain castings of those dimensions, but beyond this 
rough adaptation of the size of the magnet to what it 
was intended to do no attempt was made at any refine¬ 
ment in design. * 

-! It was unnecessary to make similar ring patterns of 


the very different proportions which would be required 
in magnets made of cobalt steel. There would be no 
difficulty in doing this in the event of the method of 
maldng magnets by casting them proving successful. 

The selected tungsten steel magnet was hardened in 
the ordinary way, by quenching it in cool water from a 
temperature of 860® C.; no difficulty was encountered 
and it is clear that the established methods of hardening 
rolled steel magnets are equally applicable to cast 
magnets. It was anticipated that with cast steel in 
in the form of a closed ring, distortion might be a good 
deal less than in the case of bent magnets of rolled steel. 
This proved to be the case, the amount of distortion on 
hardening all the specimen cast magnets, both tungsten 
steel and cobalt steel, being remarkably small. Too 
much stress must not be laid on these few examples, 
however, because the element of chance has a good deal 
to do with distortion, and it often happens that .a bent 
magnet shows little or no distortion after being hardened. 


Table 16. 


Quantity Compared 

Rolled steel 
ma^et 

Cast steel 
magnet 

Weight of magnet steel, lb. 

4*00 

4*47 

Weight of magnet with pole 



pieces, lb. 

6-62 

%-47 

Magnetic field in air-gaps ..' 
Potential difference across 

2 330 

2 460 

the poles .. 

Useful magnetic energy, in 

1080 

1 136 

ergs . 

1 000 000 

997 000 

Magnetic comparison of the cast tungsten steel magnet 

shown in Fig. 31, with a compound bent magnet of 
rolled tungsten magnet steel. 


’ Having been hardened, the selected magnet was fully 
magnetized in the direction of the arrows seen in Fig. 31, 
by means of a current of 1 600 amperes in two temporary 
coils of 11 turns each, one wound on each half of the 
ring, the two coijs being connected in series in opposite 
directions. The strength of the magnetizing field 
apphed in this way was 800 per cm of steel, which is 
more than enough for the complete magnetization of 
tungsten magnet steel. 

The performance of this magnet was in good agree¬ 
ment with the rough predetermination, the measured 
value of the field in the air-gaps, with the magnet in 
the fully magnetized state, being 2 460. With a field of 
this magnitude the potential difierence between the 
polar surfaces is 1136. The effective air-gap area being 
about 9 cm®, the useful flux would be 2 460 X 9 or 22 000 
lines, and the product of useful flux into potential differ¬ 
ence is therefore 24 970 000. Dividing the product by 
Stt, the useful energy maintained by the magnet is 
found to be almost exactly one million ergs. 

This magnet, the first attempt at a cast magnet fit for 
industrial use, may be compared with a standard pattern 
compound magnet of roEed tungsten steel. The com- 
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pound magnet consists of two bent magnets fitted to 
pole-pieces. These are bored to the same diameter as 
the polar surfaces of the cast magnet, and the magnetic 
circuit is completed by a concentric iron core. The 
effective area of the air-gap path for useful fiux is 
10 cm^ in the case of the rolled steel magnet, which 
compares with 9 cm^ for the cast magnet; otherwise 
the air-gaps were identical. Comparative figures for 
the two magnets are given in Table 16. 

As it stands, the experimental cast magnet is in no 
respect inferior to the rolled steel magnet, and a cast 
magnet of tlie same ring pattern, properly designed for 
the magnetic requirement fulfilled by the magnet of 
rolled steel, would doubtless show to advantage compared 
with the bent magnet and its iron pole-pieces. 

A useful energy of about a million ergs is riot far 
short of the maximum for a tungsten steel magnet 
consisting of a single bent bar of rolled steel, without 
maldng use of a rolled section of exceptional area. It 



of rolled steel. (Cast by Hadfields for the British 
Scientific Instrument Research Association.) 

was thought worth while to obtain trial castings in 
tungsten steel for a magnet of smaller size, more repre¬ 
sentative of the magnets which are used in vast numbers 
for electric supply meters and other measuring apparatus. 
In addition to the question of size there was another 
problem to be solved. The introduction of the method 
of production by casting might well give rise to a demand 
for cast magnets to replace existing magnets of rolled 
steel in apparatus of standard design which it might be 
impracticable to modify. In such cases it would be 
necessary to adapt the cast magnet to the available 
space, and the designer might find himself compelled to 
follow, more or less closely, the conventional shape of 
the rolled steel magnet which the cast magnet was 
intended to replace. It was therefore proposed to select 
some existing instrument containing a small magnet of 
rolled steel, and to replace it by a cast magnet of the 
same capacity. The choice fell on a moving-coil volt¬ 
meter of conventional type, in which the magnet was 
closely surrounded by various structures which could 
not be shifted without an entire reconstruction of the 


instrument. The cast magnet shown in Fig. 32 was 
designeli to fit into the restricted space without maldng 
any alteration in other parts of the. instrument. 

In the selected instrument the gross magnetic require¬ 
ment was a field of about 2 000 in two air-gaps . 
constituting an air path 0*479 cm in total length and 
5 • 36 cm^ in area, figures which correspond with a useful 
magnetic energy of about 409 000 ergs—less than half 
the energy of the experimental cast ring magnet. On 
the basis of these figures the design proceeded and for 
the first time in any magnet, other than the .ellipsoidal 
bar magnet of the laboratory, the ideal condition of 
uniform flux density was aimed at. The magnet limbs 
were designed for a flux density of the economic value 
already determined for cast tungsten steel from the 
demagnetization curve given in Fig. 29. It is obviously 
impossible to fulfil the economic condition in the steel 
adjacent to the polar surfaces where the flux density 
necessarily has the sjame value as the field in the air-gaps 
and is, therefore, far below the economic, yalue. Away 
from the immediate neighbourhood of the polar surfaces,, 
a close approach to uniform economic density could have 
been attained by a somewhat elaborate shaping of the 
polar ends of the magnet, but in this instance it was 
regarded as being of the first importance to secur.e a 
sound casting, and for this reason simplicity of .outline 
was preserved at the sacrifice of some economy in the 
utilization of the steel. 

The design of the foundry pattern is shown on the 
left hand in Fig. 32, and the finished magnet on the 
right. Three or four trial castings in tungsten magnet 
steel were made from the. pattern, all being good sound 
castings fit for use. Two of the castings were machined 
and drilled, hardened by quenching from 860° C. and 
finished at the polar surfaces by grinding. The measured 
value of the magnetic field in the air-gaps, with the 
magnets in the fully magnetized state, was in excellent 
agreement with the predetermined value, being exactly 
2 000 in one magnet and 2 130 in the other. Under the 
same conditions the field maintained by the bent magnet 
of rolled steel, which the cast magnet was to replace, 
is 1918, this figure being the average of six of these 
magnets taken from stock. These figures show that 
the equipment of existing apparatus with cast magnets 
is practicable even under rather difficult conditions as 
regards available space. 

With this experiment in replacement the research ^ 
was brought to a close. The first attempt to make 
permanent magnets by casting them in magnet steel has 
met with immediate success from the technical point 
of view. ^ 

The commercial success of the cast magnet depends 
on which way the balance of the cost of production 
turns. In the steelworl^, the casting of ingots is 
replaced by the more troublesome process of casting 
magnets. The cogging and rolling of the ingots into 
bars, a process which involves the maintenance and 
running costs of reheating furnaces in addition to rolling- 
mill charges, would be replaced by the moulding of 
foundry patterns. Looking at it broadly and making 
some allowance for the troubles attendant on the pro¬ 
duction of sound steel castings, it seems that magnet 
castings should cost less than rolled bar. 
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Cast magnets greatly simplify the task of the^ magnet 
mafiier. There are no rolled bars to cut into magnet 
lengths ; no bending to shape ; no pole-pieces to make, 
and in their absence no supporting framework to hold 
magnet and pole-pieces together. The cast magnet is 
its own support and in the case of the ring pattern with 
internal polar projections, the magnet may well form the 
base to which all parts of the working mechanism of the 
apparatus are attached, much in the same way as the 
field magnet of the modem motor or dynamo serves to 
carry the whole machine. Against these favourable 
points, there will naturally be some additional cost in 
machining the cast magnet as compared with similar 
operations on soft-iron or mild-steel pole-pieces; cast 
magnet steel, even when in the softened state, being 
much harder than iron. 

Upon the whole it appears that both in the steelworks 
and in the factory of the magnet maker, the balance of 
cost is likely to turn in favour of the cast magnet, once 
the ini tia l difficulties of a novel method have been 
overcome. The development of the cast magnet to the 
point of commercial success rests quite as much with 
the magnet user as with the steel founder, because, 
although most of the troubles will arise in the foundry 
and be finally overcome there, they will not be overcome, 
perhaps not even attacked, without an incentive; and 
the most potent incentive to any manufacturer who is 
faced with unfamiliar difficulties is an insistent demand. 

(24) Hardening. 

In the previous section a brief excursion was made 
into the present century in order to look at cast magnets. 
We must now return to the Middle Ages in order to carry 
out the ancient process of hardening, keeping our 
twentieth century wits about us however. 

What happens when magnet steel is hardened has 
already been described in Section (16). A permanent 
magnet must have potency, and potency arises from 
the presence of carbide molecules in solution in iron. 
But when magnet steel is at room temperature tho whole 
of the solvent iron it contains is, or should be, of the 
Alpha variety and under ordinary conditions Alpha 
iron is only capable of dissolving about one-third of 
the whole amount of carbon present in magnet steel. 
What is aimed at in the process of hardening is first 
to dissolve the whole of the carbon while the solvent 
iron is in the Beta or Gamma state and then to prevent 
it from passing out of solution when the iron returns 
to the Alpha state. In that way the steel is endowed 
with the potei>cy necessary for a good magnet, and, 
the solvent iron being in the Alpha condition, the steel 
is fully magnetic. 

When magnet steel is ready for the hardening, it 
will have been brought into the form of a magnet either 
by bending a piece of rolled bar or by casting the molten 
metal to the required shape. In either case the steel 
is likely to be in the softened state. The bent magnet 
will have been allowed to cool down slowly after the 
bending operation and there will have been ample time 
for the whole of the surplus carbide to pass out of 
solution. The cast magnet must be machined and 
drilled before it is hardened, and for that purpose it 


will have been necessary to soften it, the casting as it 
comes from the foundry being fully ultraheated and 
therefore too hard for easy machining. It may be 
assumed, therefore, that whether bent or cast to shape, 
the steel will be in the softened state when the 
time arrives to harden it. Moreover, if the efiect of 
ultraheating has been entirely removed, as it should be, 
by a second heating to 750® C. followed by slow cooling, 
there will have been a favourable opportunity for crystal 
growth, and a considerable development in the size 
of the crystal grains may well have taken place. 

The first stage of the hardening process is easy; 
the whole of the surplus carbide will readily dissolve, 
provided the solvent iron is of the Beta, Gamma or 
Delta variety. The iron is therefore converted into 
Beta by heating the steel to a temperature above the 
upper boundary of the region within which the transfor¬ 
mation from Alpha to Beta takes place. Solution of the 
surplus carbide then follows as a matter of course. 
Reference to Fig. 10 shows that in tungsten magnet 
steel the conversion of Alpha into Beta iron is practically 
complete at 790® C. In cobalt magnet steel the corre¬ 
sponding temperature, the dissolving temperature as it 
may be called, is considerably higher. Judging from 
a heating curve, the dissolving temperature for cobalt 
magnet steel is about 870® C. 

Having reached the dissolving temperature, the 
gradual passage of the surplus carbide from crystal to 
solution is only a matter of time, since the quantity 
of iron in the steel, provided it is wholly Beta or Gamma, 
is capable of dissolving a good deal more carbide than 
the whole amount present in any kind of magnet steel. 
It is natural to enquire how long it will take for the 
surplus carbide to dissolve after the temperature has 
been raised to the dissolving point. The question does 
not admit of a precise answer, the available experimental 
evidence leaving a good many doubtful matters undeter¬ 
mined. When magnet steel is heated slowly the inverse- 
rate heating curve indicates that the carbide passes 
from solution concurrently, or nearly so, with the 
transition of the solvent iron from Alpha to Beta. 
But when the steel is heated in the ordinary way for 
the purpose of hardening, by putting it into a fully- 
heated furnace, the temperature of the metal rises 
with great rapidity. In these circumstances the progress 
of the change from crystal to solution apparently 
lags by an appreciable time behind the allotropic change 
in the iron, and at the conclusion of the transformation 
from Alpha to Beta there is still some carbide remaining 
undissolved. Hence in practice, if the full potency 
of the steel is to be attained, it is necessary to wait 
several minutes after reaching the dissolving temperature 
in order to give ample time for the whole of the carbide 
to dissolve before the steel is quenched. Under precise 
laboratory conditions the. author has found that a 
waiting time of 2 minutes is not always enough to ensure 
complete solution—judging the state of solution from 
the resulting coercive force of the steel when hardened. 
On the other hand, in a very large number of hardenings 
in which the waiting time was increased to 7 minutes 
there has not been a single instance of failure to secure 
complete solut^n: It seems then that the necessary 
waiting period is somewhere between 2 minutes and 
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7 minutes, the data at present available not permitting 
of a more exact statement.* 

In the workshop the undisciplined mind has to be 
reckoned with and the rigid conditions of the laboratory 
are seldom, if ever, attained. In practice, therefore, 
ample margins must be allowed both as regards the 
dissolving temperature and the waiting time. In the 
author’s practice it has been found that it is enough 
to allow a margin of 50 degrees in temperature, and 
including this allowance for the shortcomings of the 
workshop the temperature to which tungsten magnet 
steel should be raised for the purpose of dissolving the 
carbide molecules will be 840® C. For cobalt magnet 
steel the corresponding temperature will be 920® C. 
At these temperatures the waiting period need not 
exceed 5 minutes, although no harm (beyond a slight 
amount of spoiling) will be done by making 10 minutes 
the rule. 

The first stage in the operation of hardening has now 
been accomplished, the whole of the carbon present 
in the steel, in the form of carbides, having dissolved 
in the iron which has been transformed into Beta or 
Gamma. Whether the solvent iron is of the Beta or 
Gamma variety is of no practical consequence and, as 
a matter of fact, with a quickly-rising temperature 
the change from Alpha to Beta overlaps the conversion 
of Beta into Gamma, so that atoms of all tliree varieties 
may bb present together during the transitional stage. 
But by the time the temperature of tungsten magnet 
steel reaches 840® C. or that of cobalt magnet steel 
920® C., most of the solvent iron, if not the whole of 
it, will be of the Gamma variety. 

The next thing to be done is to cool t}ie steel down to 
room temperature, and to do it so quickly that there is 
no time for the surplus carbide to pass out of solution 
when the solvent iron is transformed once more into 
Alpha iron. In performing this operation we are taking 
advantage of the fact that the passage from solution to 
crystal is essentially a slow process, even when the steel 
is red hot and the molecular mobility relatively great. 
As the temperature falls, the mobility decreases with 
great rapidity and at room temperature it is so slight 
as to be barely perceptible. Let the steel pass from 
a red heat to room temperature in a few seconds of time, 
and before an appreciable fraction of the surplus carbide 
can pass out of solution the steel is cold and the mole¬ 
cular mobility gone. 

Like any other hot body, the steel will lose heat 
by radiation; but to cool it quickly heat must also be 
removed by conduction. That is to say, the steel 
must be brought into thermal contact with a cold body 
which is a good conductor of heat and, if the cooling 
is to be rapid enough for the purpose of hardening, 
the entire surface of the steel must be in close contact 
with the cold body. In short the cold body must 
closely envelop the steel, and the simplest way to 
secure this condition is to have the cooling body in 
a fluid state. This discovery was made long ago by 
accident. The discoverer, the primitive blacksmith 

♦ Probably the time necessary for complete solution varies a jjood d^l 
according to the condition of the steel. It may be conjectured that it depends 
partly on the extent to which crystal growth has takeniplace: for. the growng 
of crystal grains is a comparatively slow process and their unbuuding preparatory 
to solution may be equally slow. 


already^ referred to, employed water as the cold body, 
and on the whole water is the most convenient cocJling 
agent. A few other fluids are available; mercury or 
oil or air may be used, but they none of them serve the 
purpose quite so well. W’ater is not only cheap but it 
has the advantage of being a good conductor of heat, 
and another point in its favour is a high specific heat. 
Its one serious disadvantage is its low boiling point. 
Mercury is an even better conductor of heat and it has 
a higher boiling point; but its great density is against 
it, to say nothing of its cost. Oils with a high boiling 
point are available, but the heat conductivity of oil 
is much less than that of water. The low specific heat 
and the inflammability of oil are further disadvantages. 
Air is plentiful but at ordinary pressures it is a poor 
conductor of heat compared with either oil or water. 
Compressed air would be a better conductor and might 
make a good cooling agent if the obvious practical 
difficulties in the way of its use could be overcome. 

Primitive man ignored all these considerations. 
Luck was on his side ; water was at hand, the red-hot 
steel was plunged into it and the great discovery was 
made. The steel was hard. 

To-day, with all the accumulated experience of 
centuries nothing better than water is known and nothing 
takes the place of sudden immersion. It is true that 
modifications have been introduced in the hardening 
of cutting tools, mainly as the result of the use of ultra- 
heated tungsten and chromium steels. But there is 
a sharp distinction .between the hardening of a tool 
and the hardening of a magnet, and what answers the 
purpose of the toolmaker may be quite useless for the 
magnet maker. In the case of a tool the only parts that 
need be hardened are those which form the cutting edges. 
In a large mi llin g cutter, for example, the teeth alone 
need to be hard, the central core may be left unhardened. 
Contrast this with the case of the permanent magnet. 
For a good magnet it is essential to have uniform potency 
over the entire sectional area, a condition which demands 
equal hardness throughout, from the surface to the inner¬ 
most core of the steel. To leave any portion of the 
transverse section unhardened, or imperfectly hardened, 
is equivalent to shunting the effective part of the magnet 
with soft iron and at the same time diminishing the 
volume of fully potent steel; it constitutes a double 
weakness. In hardening a magnet, therefore, our ^ 
object must be to cool the entire volume of steel so 
quickly that no more than a negligible fraction df the 
dissolved carbon has, time to pass from solution to 
crystal before the steel becomes cold. 

Rapid cooling does, not begin at tbe instant when 
the steel is taken out of the furnace preparatory to 
quenching it, and having dissolved the whole of the 
carbide it is essential that as little of it as possible should 
be given the opportunity to pass from. solution to 
crystal in the interval between the withdrawal of the 
steel from the furnace and the moment when rapid 
cooling begins in the quenching bath. So much of this 
interval of time as is occupied in moving the steel 
from the furnace into the bath is under control and 
with suitable arrangements can be reduced to a negligible 
duratiofi. But the immediate effect of the sudden 
immersion in water, for example, is to surround the 
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redact steel with a heat-insulating envelope of steam, 
and there is often a sensible delay before the cold water 
comes into efi^ective contact with the hot metal and sets 
up rapid cooling. The time spent in this way is largely 
a matter of chance and is liable to irregular variations. 
Now during this awkward interval- the temperature of 
the steel is slowly falling, and it may happen that before 
the conditions for rapid cooling are established, the 
critical temperature is reached at which the carbide 
begins to pass out of solution. This contingency must 
be guarded against by arranging that the temperature 
of the steel at the moment of immersion shall be well 
above the critical point; far enough above it to ensure 
that under ,the most unfavourable circumstances, as 
regards delay, rapid cooling shall be in active progress 
before the temperature has fallen to the critical point 
at which surplus carbon begins to pass out of solution. 
The critical temperature for tungsten magnet steel is 
that given in Section (12), namely 708° C. The corre¬ 
sponding temperature for cobalt magnet steel is 802° C. 

The margin of temperature, above the critical points, 
to be made for the awkward interval between the with¬ 
drawal of the steel from the furnace and the beginning 
of rapid cooling is easily determined by quenching a 
number of pieces of the steel at different temperatures, 
appropriately graded, and then measuring their coercive 
force. An example of this method is given in Fig. 33, 
which records the results obtained by quenching a 
number of large bars of tungsten magnet steel from 
different temperatures, the series being 900°, 860°, 
800°, 760°, 720°, 710° and 680° C* At least two bars 
were quenched at each temperature, the heat treatment 
being as follows. Each bar was first heated to 900° C. 
and kept at that temperature for 10 minutes in order 
to ensure complete solution of the carbon. The tempera¬ 
ture was then lowered to the desired point for quenching 
and, after keeping the steel at that temperature for 
5 minutes, the bar was quenched by allowing it to 
drop out of the furnace into a tank of cool water fixed 
immediately below. It will be noticed that at all teppera- 
-tjires down to and including 760° C. the full coercive 
force of the steel was attained in every case, proving 
that the whole of the carbon present in the steel in the 
form of carbides was retained in solution. But at 720° C. 
there was no such certainty of result. At that tempera- 
iure the accidental circumstances which give rise to 
•delay in the setting up of rapid cooling after immersion, 
•evidently have a very marked influence on the potency 
of the quenched steel and it appears to be entirely a 
matter of chance whether much or little hardening takes 
place. Since Hardness depends on the amount of 
dairbon in solution—and that is governed by the rapidity 
with which the temperature of the steel is lowered to 
a rej^on in which molecular mobility is negligible—^it 
IS a plausible inference that, art a quenching temperature 
but little above the critical point, hardness will depend 
on ^e rapidity with which the .heat-insulating envelope 
of steam happens to be broken up. But what actually 
takes place during the brief and turbulent period* of 


^ undectakcn to stscoftam the influenci 

cracking, and the temperatures were chosei 
For a precise dbtermmation of the point consid^c 
^iwren 5d’6« mclud^d one or two additional .temperaturei 


quenching could only be ascertained with certainty by 
the aid of the kinematograph.’*' 

From the experiments illustrated in Fig. 33 it is 
apparent that somewhere between 760° and 720° C# a 
temperature could be found which just sufficed to guard 
against the haphazard accidents of quenching. To be 
on the safe side, however, we may regard 760° C. as 
the lowest temperature at which tungsten magnet steel 
should be withdrawn from the furnace for the purpose 
of quenching in water, the critical temperature of the 
steel being 708° C. In other words 40 degrees or there¬ 
abouts, is a sufficient allowance to make for the slow 
fall in temperature during the time which elapses 
between the withdrawal of a piece of steel from the 
furnace and the actual beginning of the process of rapid 
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Fig. 33.—Oraph showing the coercive force ,of tungsten 
magnet steel quenched in water from different tempera¬ 
tures. 


cooling by quenching. Since the delay arises from 
conditions outside the cooling body, the same allowance 
of 40 degrees will evidently sujBhce for any kind of steel. 

Adding the allowance of about 40 degrees to the 
critical temperatures, the lowest working temperature, 
preparatory to quenching in water will be 840° C. for 
cobalt magnet steel, and 760° C. for tungsten magnet 
steel. Comparing these figures with the temperatures 
to which 'these steels must be raised in order to ensure the 
solution of the carbon, namely 920° and 860° C, we find 


i interest fiaay be referred to in passing. It will have been noticed 

in Fig. 88 that when the Steel was quenched from 680® C. the resulting coercive 
fon» was only 11 units. That is ta say, although suddenly cooled from a red 
h^t by quendimg m cold water, the steel was in tiie completely softened con¬ 
dition. To ^pse, and they are many, who are rooted in the belief that quenching 
red-hot steel inevitably hardens it. such a result as this presents a paradox. 
The explanaton is, of course, that m cooling the steel to 680® C, a temperature 
well below the critical point—the carbon passes rapidly out.of solution and 
mclu<to^ the 6 minutes’ waiting time at that temperature, there was more than 
wugb time for the’ wbe^ of the surplus carbon to pass from solution to crystal. 
Onoe that has taken place,•qtienching can do nothing: it is equivalent to locking 
the stable door after the steed is stolen, ... . 
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that the quenchinjg in water could be cairied out with 
full effect at temperatures from 80 to 100 degrees below 
those required for solution. This difference,' arrived 
at from the conditions occurring in practice, is (as it 
should be) in reasonably good agreement with the differ¬ 
ence between the temperature at which Alpha iron is 
completely transformed into Beta and that at which 
the reverse change occurs in the particular steels in 
question. 

• The violent method of cooling red-hot steel by 
quenching it in cold water, subjects the metal, tempor¬ 
arily at least, to severe stresses which are sometimes 
beyond its strength. On this ground alone it seems 
desirable to carry out the process at the lowest initial 
temperature that will ensure complete hardening. To 
do this it would be necessary after heating the steel to 
the dissolving temperature, either to lower the heat to 
the minimum safe temperature for quenching, or to 
divide the furnace into two compartments or regions 
of heat, of which one would be maintained at the 
dissolving temperature and the other at the quenching 
heat; the pieces of steel being shifted one at a time from 
one region to the other. But the hardening furnaces 
in common use at the present time do not lend them¬ 
selves to any such procedure and hence, in practice, 
the steel is withdrawn from the furnace at the dissolving 
temperature and immediately quenched. Whether the 
liabili 15 ^ to cracking is seriously increased, by quenching 
at a temperature from 80 to 100 degrees higher than 
is necessary, is a matter which needs investigation. 

Among the various matters of secondary importance, 
connected with the practice of hardening steel by 
quenching, is the temperature of the cooling bath. 
This has not been taken into account in the general 
view of the subject presented in this paper, but some 
reference to it seems called for in the present section. 

Since what is aimed at when red-hot steel is quenched 
in water is great rapidity of cooling, it is only natural 
to suppose that the colder the water the better. 
Primitive man thought so, and in making the sword of 
the legendary hero it seems to have been considered 
good practice to harden it by plunging the steel, white 
hot, into the ice-cold water of a mountain stream. But 
in these prosaic days the toolmaker knows better. He 
has discovered that a better result obtained if the 
water is slightly warm. Whatever the reason, there is 
little room to doubt the fact. 

What seems to be true of the tool is certainly true 
of the magnet, the author having observed a small 
but quite consistent increase in the coercive force of 
hardened magnets of small size, as the temperature, of 
'the cooling water was raised from the freezing point 
upwards. The effect was traced up to a water tempera¬ 
ture of 60® C., at which point an opposing effect obtruded 
itself and suddenly put an end to rapid cooling. On 
this account it was found impossible to harden the little 
magnets when the temperature of the water was raised 
above 60® C., so long as the quenching was done in the 
ordinary way by immersion. But with the aid of 
elaborate means to prevent the formation of an envelope 
of steam, the increase of coercive force was traced up 
to a water temperature of 100®C., the increment as 
-the water was raised from SO® C. ’to* 100®'Gv beihg no 


less than 8 units in the case of small bar magnets 0*7 cm 
in diameter. The warm water effect has not l?een 
investigated in larger magnets^ but there is good reason 
for believing that it falls off rapidly as the sectional 
area of the steel is increased; and in view of the many 
uncertain factors giving rise to small variations in 
the coercive force of hardened steel, a possible increase 
of 1 or 2 units arising from the use of warm water might 
easily pass unnoticed in workshop practice. 

So far as the author is aware, no explanation of the 
warm water effect has been suggested. It seems not 
unlikely that it arises from the extremely rapid ab¬ 
straction of heat from the steel which must take place 
at the instant when the layer of water in contact 
with the surface of the steel is suddenly converted into 
steam, with an accompanying absorption of energy. 
Assuming it to originate in this way the effect would 
be proportional to the ratio of tlie surface of the steel 
to its volume and would naturally be much greater in 
magnets of small sectional area than in large ones. 

But however we may explain this odd effect, so 
contrary to our preconceived ideas, there is evidently 
good reason to follow the practice of the toolmaher 
by avoiding the use of very cold water. On the other 
hand, to have the cooling water at a temperature 
approaching 60® C. would be to court failure, if the 
quenching is done in tlie ordinary way. A convenient 
compromise is to maintain the temperature of the 
cooling water somewhere between 20° C. and 30® C. 
The benefit to be derived in this way is small, but since 
it costs nothing it is worth having. 

In the worlcshop traditional ideas still linger round 
the practice of hardening, workmen of the older genera* 
tion being acquainted with many an infallible nostrum. 
Notwithstanding the legendary use of the pure water 
of the mountain’ stream, a favourite notion has been to 
put something into the quenghing water, the workman 
reasoning perhaps from a familiar analogy. Salt, 
stale beer, oatmeal, all manner of strange things have 
been supposed to improve the hardening power of water 
in one way or another Of all these salt alone has any 
claim to attention. In so far as the presence of salt, 
dissolved in the cooling water, raises the boiling point, 
it probably has some influence on the hardening, but 
we may search in vain for any experimental evidence 
of the supposed benefit. For the hardening of cylindrical 
bar magnets the author has, for many years past; 
employed a nearly saturated solution of calcium chloride 
in water, not wi-th any mediaeval motive, but in order 
to put a stop to the frequent splitting of cylindrical bars 
of steel from end to end when they sJJre quenched in 
water. There seems little or no reason to believe that 
a solution of calcium chloride would be of general 
utility in hardening. 

Setting aside the spoiling of magnet steel during 
manufacture, there is nothing in the making of /per-* 
manent magnets more in need of improvement than the 
process of hardening; and surely no other technical 
process has ever shown so obstinate a resistance to 
modem ideas. Chemistry, ■ p 3 n:ometers, Doctors ot 
Science, metallurgy, electric furnaces, the Higher Educa¬ 
tion' of works manager^all these inestimable blessings 
have -failed 'to- inipr^s themselves on the practice of 
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hardening magnets. Haphazard, risky, yet plmnsily 
efE^tive, the sudden quenching of red-hot steel in cold 
water remains a stubborn survival of prehistoric times. 

(26) Ageing the Hardened Steel. 

It has long been common knowledge that a permanent 
magnet generally becomes weaker with age, and accord¬ 
ingly when a magnet is to be applied to some purpose 
where constancy is essential it is usual to submit it 
to some treatment intended to secure immunity from 
weakening influences. Any process by which the 
magnet maker hopes to secure constancy of magnetiza¬ 
tion is called—^somewhat inconsequentially—ageing ” 
the magnet. 

Whether constancy of magnetic power is of much or 
little consequence depends on the function the magnet 
is intended to fulfil. In many applications of permanent 
magnetism the working of the apparatus is little, if 
at all, affected by variations in the magnetization of 
the magnet. The magnetic compass, the polarized 
relay and the moving-coil ohmmeter are examples 
within this category. In these and some other applica¬ 
tions, the acting principle of the instrument requires 
the presence of permanent magnetism but does not 
depend on its rigid constancy; the compass, for example, 
still points to the north even when the magnetic needle 
has lost a large proportion of its magnetism. But 
there are other applications of permanent magnetism 
which depend absolutely on constancy. In moving-coil 
voltmeters and ammeters, for example, it is essential 
that the magnetic field maintained by the magnet should 
be constant; and above all there must be constancy in 
the brake magnet of an electric supply meter. 

It is widely recognized that permanent magnets are 
apt to suffer from three diseases of a weakening kind, 
namely, heat, vibration, and the malign influence of 
stray magnetic fields. To guard against these harmful 
influences it is common practice, after fully magnetizing 
a magnet, to weaken it to a moderate extent by an 
adverse magnetic field, by heat, by vibration, or by any 
two or all three of these agencies; the idea beiflg that 
a permanent magnet so treated has, as it were, been 
innoculated and will suffer no further injury from those 
three diseases during its useful life. The idea does not 
rest on good experimental evidence and it would be 
easy to pick holes in the logic of it, yet mingled with 
some confusion of thought there is a substratum of 
sound common sense at the bottom of it. 

Much of the confusion will disappear if we begin 
by drawing a clear distinction between the different 
causes of loss in magnetic pow-er, according to whether 
they come from outside the magnet or arise in the steel 
itself. Stray magnetic fields, heat and vibration all 
have their origin outside the magnet. On the other 
hand the gradual loss of potency in hardened steel, 
disclosed by the experiments described in Section (16), 
is internal in origin. It is a secular change in. the 
structure of the steel—^the molecular pattern which 
gives the steel its potency, slowly giving way as time 
goes on. If, as we believe, this slow modification of 
structure is caused by the passage of carbide mole¬ 
cules out of solution, the change appears to be inevitable 
in any hardened steel which consists of an over-saturated 


solution of carbon in although it is 

the steel itself which pbwgcs and the cause has nothing 
to do with magnetism, nevertheless x)ne consequence 
of the structural change is to rob the steel of some of 
its magnetic potency by removing the carbide molecules 
which serve, so to speak, as props to support the magnetic 
mechanism. Hence if the hardened steel happens to have 
been made into a permanent magnet the change in the 
molecular condition, which inevitably occurs with lapse 
of time, will result in a diminished magnetization. 
In the present Section attention will be confined to 
the slow secular change in the hardened steel and the 
means by which it may be partially forestalled. The 
weakening effects of stray magnetic fields and different 
kinds of vibration will be reserved for consideration 
in subsequent Sections. 

It does not appear that anytiiing can be done to 
prevent the gradual loss of potency in hardened steel 
as the carbide molecules pass one after the other out of 
solution and thereby cease to act as supports, but it is 
an easy matter to forestall the loss. This is done, 
knowingly or not, by temporarily increasing the mole¬ 
cular mobility by means of heat, and in that way 
causing any desired fraction of the surplus carbide 
to pass quicldy out of solution before the steel is put 
to use as a permanent magnet. When this has been 
done the hardened steel begins life as a magnet with 
a potency already reduced to a value which dn the 
ordinary course of nature would be reached only after 
years of slow decay. A certain number of years of 
natural decay having been forestalled by an immediate 
reduction in potency, the magnet may be said to have 
been artificially aged.hy so many years. It is obviously 
appropriate to describe the process which reduces tlie 
potency as '' ageing ** the steel. This is in fact the only 
legitimate use of the term and when the hardened steel 
has been aged in this way the magnet is virtually so 
many years old, so far as the molecular pattern of the 
steel is concerned. Ageing in this strict sense has 
nothing to do with magnetization, and the ageing 
process may just as well be carried out before the 
hardened steel is magnetized as afterwards, since it is 
the steel which requires the treatment and not the 
magnetization. 

There is no difficulty in grasping the principle under- 
l 3 dng the practice of ageing magnet steel. The process 
only differs in degree from the tempering of cutting 
tools, made of carbon steel, by moderate and temporary 
heating. In both the aim is to allow just enough carbon 
to pass out of solution to gain the desired end. The 
object of the toolmaker is to avoid the extreme brittle¬ 
ness of fully hardened steel and yet to leave enough 
carbon in solution to give the tool adequate hardness. 
The object of the magnet maker should be to forestall 
some years of njatural decay in the potency, while leaving 
enough carbon in solution to give the steel the potency 
needed for a powerful magnet. It is evident that the 
two conditions are incompatible, and hence only a 
compromise is possible. 

In the absence of accurate knowledge of the law of 
decay at different temperatures it is not possible to 
frame a strict wile for the ageing of magnet steel,, but 
the few;, facts already available afford some sort of 
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guidance. Taldng tungsten magnet steel as an example, 
we know from Fig. 21 that within four years from the 
hardening tlie coercive force will have fallen from 71-0 
to 63 • 6. By means of the carbon-coercive-force curve 
given in Fig. 9 these figures may be converted into 
the percentage quantities of carbon in solution, and it 
appears that about one-tenth of a gramme of carbon 
per 100 grammes of steel passes out of solution in the 
course of the four years after the hardening. Hence 
to age the hardened steel by four years it will be necessary 
to heat it to an ageing temperature and then, having 
allowed one-tenth of a gramme of carbon to pass out of 
solution, the steel must be cooled again. To determine 
a convenient ageing temperature, there are only one or 
two isolated facts to go upon. Referring once more 
to the experiment recorded in Fig. 12, it will be recalled 


we pass^ at once from 345® C. to 100® C., at which 
temperature the early portion of a decay curve happens 
to have been obtained in the course of experimental 
work on another branch of the subject. This curve 
of decay at 100® C. is reproduced in Fig. 34 and it will 
be seen that in the course of 7 hours the coercive force 
fell from 64* 8 to 61*4, figures which indicate the passage 
of about 0*04 gramme of carbon solution to crystal. 
To occupy 7 hours in the transference of less than half 
the intended quantity of carbon seems a needlessly 
slow rate of ageing and it would appear that a tempera¬ 
ture somewhat above 100® C. would serve the purpose 
better. But boiling water is so convenient as a heating 
agent that the possibilities of ageing at 100® C. may 
well be examined more closely. 

The decay curve in Fig. 34 was obtained from a 



Fig, 34.—Rapid decay in the potency of hardened tungsten magnet steel at a temperature of 100® C. 


that when the temperature of the gteel was about 
700® C. the whole of the surplus carbide, amounting 
to nearly half a gramme in 100 grammes of magnet 
steel, passed out of solution in 2 minutes; a rate of 
one-tenth of a gramme in less than half a minute. Such 
extreme rapidity is clearly out of the question in an 
ageing process, and a much lower ageing temperature 
must be sought. The next indication of a lower rate 
of transfer from solution to crystal is tliat given by the 
curve in Fig. 41.* Here we have the whole of the surplus 
carbide passing out of solution in 43 minutes while the 
temperature of the steel falls from 460® C, to 230® C., 
a mean temperature of 345® C. At that rate one-tenth 
of a gramme would pass out of solution in about 9 
minutes and, although that might not be too rapid 
under laboratory conditions, so short a.time would 
certainly lead to mishaps in the workshop. No experi¬ 
ments at intermediate, temperatures jjeing available, 
* See Appendix, page 803. * 


tungsten steel magnet which had already been in the 
hardened state for 77 days, during which time the early 
and more rapid natural decay had been in progress. 
Hence if a true comparison is to be made between ageing 
at 100® C. and natural decay at room temperature, the 
decay shown in Fig. 34 should be compared with what 
goes on at room temperature after the l^pse of 77 days 
from the hardening. Now the curve of natural decay 
given in Fig. 21 shows that 77 days after the. hardening 
the coercive force had declined to 66*6, and that during 
the subsequent period of 1 215 days (or 3*33 years) the 
coercive force fell to 63*8. This is a.decrease of 2*7 
units in 3*33 years, an average rate of decay of 0*81 
unit a year at an average temperature of about 18® C. 
Comparing this with the rate of decay at 100® C., we 
notice that in Fig. 34 the coercive force decreases from 
64 • 8 to 62 *1, a fall of 2 • 7 units, in 3 • 67 hours, an average 
rate of 0*74 units an hour at a temperature of 100® C. 
The ratio of the figures 0:81 and 0*74 being 1*1, it 
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appears from this comparison that in hardened tungsten 
magnet steel the loss of potency which occurs in a year 
under the ordinary conditions of natural decay, tahes 
place in 1 • 1 hours when the temperature of the steel 
is raised to 100° C. Strictly speaking this proportion 
only applies to the progress of decay when 77 days 
have already elapsed since the hardening, but by far 
the greater part of the decay occurring in that time 
takes place within a few hours after hardening, and 
hence it seems very probable that the proportion would 
have been much the same if the comparative periods 
at 18° C. and 100° C. had begun very much earlier. 
Making that assumption, a provisional rule for ageing 
hardened magnet steel at 100° C. may be given. In 
practice it will be convenient to divide the ageing into 
two stages. Immediately after the hardening the loss 
of potency goes on so quickly that the steel may very 
well be left at room temperature for 24 hours or so to 
age itself. During that time the coercive force of 
tungsten steel will decline by about 3 units, and cobalt 
steel will lose 6 or 7 units. This early and rapid decline 
having taken place at room temperature, the first stage 
is over. The second stage is to forestall the subsequent 
slow progress of natural decay by maintaining the 
hardened steel at 100° C. The heating is most easily 
done with the necessary precision by putting the steel 
into boiling water, and the duration of this heat treat¬ 
ment must be determined by the provisional rule that 
each period of 1 • 1 hours at 100° C. adds one year to the 
'' age ” of the hardened steel. The experimental data 
on which this rule is founded leave much to be desired, 
but once the underl 3 dng principle is recognized there 
should be little difidculty in obtaining more accurate 
measurements of decay at different temperatures, and 
the provisional rule can then be amended accordingly. 

There is no simple relation between the decay in 
potency, as measured by the Hopkinsonian coercive 
force, and the consequent falling off in the useful magnetic 
energy which a permanent magnet maintains. An 
example of the effect of decay on the course taken by 
the demagnetization curve has been given in Fig: 23. 
The curves in this instance were obtained from cobalt 
magnet steel, in which the phenomena of decay are 
particularly prominent and on that account the more 
easily observed with accuracy. • As determined from 
the demagnetization curve taken one day after the 
hardening, the economic flux density in the particular 
specimen of cobalt steel was 6 000, and the magnetic 
energy maintained by a magnet designed for economy 
of steel would have been 27 200 ergs per cm^ at that age 
of the hardened steel. The demagnetization curve 
obtained from the same magnet. after. the lapse of 
1 006 days (2*9 years) shows that the amount of energy 
which the magnet was capable of maintaining, after 
being again fully magnetized, had fallen to 23 900 ergs 
per cm® of steel, as the result of decay; a decrease of 
12 per cent. In the same time the coercive force 
diminished from 176*0 to 161*6, a decrease of 7-7 
per cent. The ratio of the two percentage figures 
is 1*67 and in this instance, therefore, the loss of useful 
magnetic energy was 1*67 times the loss of coercive 
force. 

A little consideration will show that some such pro¬ 


portion may be anticipated from first principles. Decay 
is the removal of carbide molecules from the solution 
positions in which they give the steel its potency. For 
small cloanges, the percentage decrease in coercive force 
is a rough measure of the proportion of carbon passing 
out of solution, and since each carbide molecule controls 
a group of magnetic molecules, giving the group its 
individual potency, a loss of 7 * 7 in coercive force implies 
a corresponding diminution in the number of active 
groups in the magnetic mechanism. Hence witliout 
taking into account the greater magnetic freedom which 
the active groups acquire when some of their neighbours 
lose their potency, the magnetomotive force and flux 
density should each diminish by about 7*7 per cent, 
and the loss of useful magnetic energy would therefore 
be about 14*8 per cent. But in virtue of the greater 
freedom which they have acquired, the active groups 
will slightly increase their orientation and thereby 
provide a small additional magnetomotive force. Hence 
although the active groups will be fewer in number 
each of them will have a slightly greater magneto¬ 
motive force, and the small individual gain must be 
set off against loss in numbers. Wliat the gaim would 
amount to there is no present means of knowing, apart 
from what can be ascertained from the demagnetization 
curves themselves. In the present example the differ¬ 
ence between the roughly computed figure for the loss 
of useful energy, namely, 14*8 per cent, and the ojjjserved 
loss of 12 • 0 per cent, would be explained if the magneto¬ 
motive force of the oriented magnetic molecules in 
each individual active group increased by about 1*4 
per cent, an amount which would be well accounted 
for by tlie slightly greater freedohi of independent 
magnetic action which active groups acquire as the 
result of other groups becoming inactive. 

The figures for the comparison made in the last 
paragraph were obtained from cobalt steel. Decay 
occurs on a much smaller scale in tungsten steel, and 
a similar comparison between loss of coercive force and 
loss of useful magnetic energy is not so easily made 
with accuracy. But the magnetic characteristics of 
the two steels differ in degree rather than in kind, and 
in all probability the magnetic effects of decay seen in 
Fig. 23 are typical of botla steels so far as the relative 
magnitudes of •lomparatively small changes are con¬ 
cerned. To sum up the facts so far as they are known 
at present, the effects of the decay of potency on the 
magnetic properties of a permanent magnet (made 
of any kind of steel) are a loss of coercive force and a 
consequential loss in the useful magnetic energy which 
the magnet can m ai n tain when it has been fully 
magnetized ; the percentage loss of energy being from 
T6 to 1-6 times the percentage loss of coercive force. 

It will not have passed unnoticed that the comparison 
drawn from the demagnetization curves given in Fig. 23 
is made between a newly magnetized magnet one day 
after the hardening, and the same magnet when, after 
the lapse of 1 006 days, it was completely re-magnetized 
—a refreshment that does not come to a magnet in 
ordinary use. In other words, the comparison was one 
between the useful magnetic energy which an economic 
magnet maintajped when one day old and immediately 
after magnetization, and the maximum energy which 
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the same magnet was capable of maintaining when 
re-magnetized after suffering natural decay for a period 
of 1006 days. On that basis the observed loss of 
useful energy was 12 per cent. It is not possible to 
give even an approximate figure for what the loss would 
have been under the ordinary conditions of use with 
the magnetization slowly giving way as the potency of 
the steel decayed. Obviously the loss would not have 
been less than 12 per cent; almost certainly it would 
have been considerably in excess of that figure, even if 
the magnet had been carefully shielded from every 
weakening agency other than decay in the steel. 

(26) Magnetic Stability : Resistance to Stray 
Fields. 

We may now suppose the steel to have been hardened 
•and aged. The next step is to magnetize it, and having 
done that the stability of the magnetization must be 
considered. It will be convenient to take as an example 
a particular magnet from which complete experimental 
data have been -obtained. The magnet was made of 
tungsten steel and, being of ellipsoidal form and 
designed for economy of steel, it represents the ideal 
case of a simple magnetic circuit of magnetized steel in 
series with an air-gap-, the magnetic field in the gap being 
maintained with maximum economy. Magnetization 
was effected by placing the magnet in the uniform 
magnetic field of an exciting coil, and in what follows 
we shall distinguish between the magnetic field created 
by the oriented magnetic molecules of Alpha iron in 
the steel—^the self-created field —and the additional 
field supplied by the exciting coil—^the coil field. The 
sum, of the two fields constitutes the flux density in 
the magnet as it would be observed by search coil and 
ballistic galvanometer. The two fields act together 
as the orienting magnetic field—^tlie field which compels 
the magnetic molecules to take up angular positions 
in which their magnetomotive forces are directed more 
or less along the magnet. The flux in the magnet may 
be either augmented or diminished by the exciting 
coil according to the direction of the current, and, for 
convenience in reckoning, the orienting field may be 
regarded as the algebraic sum of the self-created field 
and the coil field. 

• The magnetic mechanism of the permanent magnet, 
as seen through the mental microscope constructed by 
Ampdre, Weber and Ewing, has been described in the 
previous paper. The magnetic machine is composed 
of groups of magnetic molecules, each group being 
capable of existing in stable equilibrium either as a 
closed magnetic circuit which has no magnetic action 
beyond its own confines, or as an open magnetic circuit 
in which the constituent molecules are all more or less 
oriented in one direction. Orientation gives the group 
a resultant magnetomotive force in the direction of the . 
magnetic field by which the orientation was effected. 
In the unmagnetized steel every group is in its primitive 
condition as a closed magnetic circuit, and magnetization 
consists in compelling the primitive groups to re¬ 
arrange themselves as oriented groups. This is effected 
by the orienting field, which applies a deflecting moment 
to every magnetic molecule. ^ 

To understand the process of magnetization in iron 


and steel it is necessary to bear constantly in mind the 
fact that the self-created field is, by itself, very neflrly 
enough to maintain the ;^magnetic mechanism in the 
oriented state. Very nearly, but never quite enough, 
and a small addition to the orienting power of the self- 
created field is needed for equilibrium. In the electro¬ 
magnet (and our permanent magnet during magnetiza¬ 
tion is in effect an electromagnet) the additional orienting 
force is provided by the coil field. In iron and steel 
the necessary additional deflecting force—^the balance, so 
to speak—^is always small compared with the force of the 
self-created field, and hence the oriented mass of molecules 
never possesses more than a small margin of stability 
and sometimes no margin at all. It follows that a trifling 
change in the balancing force is often enough to cause 
a very large change in the magnetization. 

To obtain the greatest possible magnetic power 
in a permanent magnet, every primitive group in the 
steel must be converted, temporarily at all events, into 
an oriented group. What- strength of orienting field 
is needed to do this is not known with any certainty, but 
so far as it is possible to judge from magnetization curves 
of iron and steel, a magnetic field of between 15 000 
and 16 000 is enough for the purpose. No ordinary 
exciting coil can possibly create a field of such magnitude, 
but what the coil cannot do the inherent magnetomotive 
force of myriads of magnetic molecules of Alpha iron 
will easily accomplish if only they can be induced to 
orient themselves. They need a little assistance to 
begin with, something to deflect them a little in the 
required direction; and that assistance is given tliem 
by the field of the exciting coil. 

We proceed to magnetize tlie magnet, initiating the 
all-but automatic process by means of a coil field of 
small magnitude. Aiming at an orienting field of about 
16 000 so as to ensure the conversion of every primitive 
group into the oriented state, we find by experiment 
that the tungsten steel magnet requires an orienting 
field of about 16 500 to maintain an orientation sufficient 
to generate a self-created field of 16 000. Accordingly 
the coll field is raised to 500, the oriented molecules 
generate a field of 16 000, and magnetization is assumed 
to be complete; every group of magnetic molecules 
has been compelled to orient itself.♦ 

Having fully magnetized the magnet or, rather 
having with a little assistance induced the magnetic 
molecules to orient themselves, thus building up a 
wonderful arrangement of oriented groups, the exciting 
current is cut off and the coil field falls to zero. With 
the loss of the small balancing force needed for their 
equilibrium, the oriented groups begiu* to return one 
after the other to the primitive state. The disappear¬ 
ance of their magnetomotive force causes the self- 
created field to fall off to a corresponding extent, thus 
upsetting the equilibrium of other oriented groups. 
In short the elaborate oriented edifice comes tumbling 
down like a house of cards, and if it were not for the 
mutual induction of the constituent molecules of each 

* For the complete magnetization of cobalt magnet steel the coil held should 
he at least 1000 to arrive at an orienting held of 16 000 or more. It is worthy 
of notice in passing that even in the rather extreme case of the magnetization 
of hardened magnet steel as an elechx>magnet, the magnetic molecules in 
tungsten steel p;enerate 97 per cent of the whole flux, and in tobalt steel 94 per 
Cfent. The exciting coil only generates the balance of 3 per cent and 6 per cent 
respectively. , • 
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oriented group (a magnetic bond which gives the group 
a limited power of self-preservation) the downfall 
would be complete. 

Any self-preserving power possessed by an oriented 
group arises from the flux generated by the constituent 
magnetic molecules in local paths adjacent to the 
group, and the strength of this magnetic bond depends 
on how much space is freely available for the flux. If 
an oriented group could be isolated and afforded un¬ 
limited free space, its power of preserving itself as an 
oriented system would be a maximum. On the other 
hand, when an oriented group is closely surrounded by 
other oriented groups, the self-preserving power is greatly 
restricted by mutual magnetic interference, the different 
groups all competing for the same space. Under 
such conditions any in^vidual group can only monopolize 


groups to revert to the primitive state. At what stage 
in the downfall the orienting forces arising from the local 
magnetic bonds will add just what is required to the 
orienting force of the self-created field in order to 
balance the de-orienting forces, cannot be foretold. 
Equilibrium will depend partly on the molecular pattern 
of the steel, and partly on what proportion of the whole 
length of the magnetic circuit is occupied by the magnetic 
generating mechanism contained in the hardened steel. 
But whatever the particular values of these determining 
factors may be, the growing strength of the magnetic 
bonds which hold the oriented groups together must 
sooner or later provide the small balance needed for 
equilibrium in what remains of the oriented system. 
At that point the downfall is arrested and the permanent 
magnet is bom. 



a very small portion of the adjacent space and, the local 
flux paths being confined within narrow limits,, the 
magnetic bond or self-preserving power is much reduced 
in strength. It follows that when all the groups in the 
magnet were oriented in the course of magnetization, 
tlieir self-preserving power was at a mimrrmTn , But 
the coil field hg^;^ now been reduced to zero and oriented 
groups are rapidly returning to the primitive state, 
thereby diminishing the magnetic interference experi¬ 
enced by groups which remain oriented. As the downfall 
of magnetization proceeds, the remaining oriented groups 
gain more and more freedom to act as independent 
magnetic systems, and the magnetic bonds which hold 
them together grow in strength. In this way self- 
preservation comes into play as an active deflectional 
force assisting the self-created field in maintaiiwg 
the orientation of the magnetic mechanism, and ulti¬ 
mately these two forces acting in the orienting direction 
udll balance the forces which tend to cause oriented 


The downfall p^of the system of oriented magnetic 
molecules is represented by the demagnetization curve. 
For the magnet taken as an example, the approach to 
equilibrium at the point of arrest is indicated in Fig. 36 
by the line MR which forms part of the demagnetization 
curve of the magnetic circuit of magnet and air path. 
In the diagram the self-created field is indicated by tlie 
vertical co-ordinates, and the horizontal co-ordinates 
give the amount by which the self-created field is 
augmented or diminished by the coil field. The sum, 
or difference, of the vertical and horizontal co-ordinates 
of any point on the curve gives the magnitude of the 
orienting field. It has already been noticed tlaat tliis 
is the quantity wMch, when measured by search coil 
^d ballistic galvanometer, is called the flux density 
in the magnet. The diagram represents the magnetic 
condition of the steel in a ina^etic circuit composed of 
magnet and air-^ap in series, and in the absence of any 
magnetomotive forces, other than those inherent in 
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the magnetic molecules, the magnetic field inside the 
steel ”^^1 be indicated by some point on the vertical 
axis OY. Immediately after magnetization, equilibrium 
was established at the arrest point R. The coil field 
being zero, the self-created field indicated by the point R 
is the same thing as the orienting field, or the flux 
density in the magnet, a particular value generally 
described as the remanent flux density of the magnet. 
In the present instance the remanent flux density was 
7 150 at the moment when the downfall of the oriented 
system was arrested at R. 

Although the magnetization of the steel is in equi¬ 
librium at the point of arrest, there is no margin of 
stability, and any further diminution of the orienting 
field will renew the downfall of the oriented system. 
Hence, if the field is diminished by an adverse coil- 
field the demagnetization curve will be continued from 
R downwards towards the point A. But the converse 
does not hold good. It is, of course, well known that 
if the remanent flux density is augmented by the addition 
of a coil field in the same direction, the demagnetization 
curve is not retraced along the line RM. It takes a 
course lower down and in the present example it was 
found by experiment that upon adding a coil field 
of gradually increasing magnitude the magnetization 
followed the line RE. It was further noticed that within 
narrow limits of observational error the trace from R 
to E w^s a straight line, the increments of self-created 
field being simply proportional to the increment of coil 
field, provided the latter did not exceed about 16 units. 
Again, on gradually decreasing the coil field to zero, 
the magnetization returned to the point R, the trace 
returning along the same line from E to R. 

To understand the nature of the equilibrium in the 
magnet as a whole when the magnetization is at a point 
of arrest, we must attend to the conditions of equili¬ 
brium in an individual oriented group. The constituent 
magnetic molecules, in virtue of their magnetic n^oments 
as current rings, experience turning moments in contrary 
senses, and their angular positions of equilibrium are 
determined by the balance of these clockwise and counter¬ 
clockwise forces. Two turning forces act in the orienting 
sense. There is the moment due to the orienting field 
and under conditions already referred to there is an 
additional turning moment, in the saJae sense, arising 
from the local flux generated by the group as an inde¬ 
pendent oriented system. Acting in the opposite sense 
is a de-orienting moment. To trace tlie de-orienting 
moment to its source would land us in many difficulties, 
but it will suffice for our present purpose to recognize 
the existence of a negative or backwards turning moment, 
a de-orienting moment which is constantly‘teiiding to 
deflect the. molecules away from their priented^positions 
towards angular positions at which 1-fiey suddenly lose 
stability, and return to their primitive State as a closed 
magnetic circuit. 

The angular positions of the magnetic molecules 
when the oriented group is in staLble equilibrium may be 
denoted by 0,, and the average angle at which the 
molecules become unstable by 6^, The margin of 
stability will then be defined by the diffwpnce Og — 6^, 
the margin angle. Increasing the orienting field increases^ 
6f, and as Og grows the margin grows. On, the other 


hand if, the orienting field decreases, Bg gradually 
approaches 6^, the angle of instability, the maiffein 
becoming smaller and smaller. Obviously, the magnetic 
molecules in any oriented group which has a margin of 
stability may be deflected on either side of their equi¬ 
librium angle dg without loss of stability, provided the 
deflection is less than the margin angle 6g’-6^\ 
moreover, when the turning moment which caused the 
deflection is withdrawn, the molecules will return to 
their equilibrium angle dg. 

To impart stability to the magnetization of the 
magnet, our aim must be to ensure that every oriented 
group in the magnetic mechanism has an adequate 
margin of stability; there must be no oriented groups 
in which dg—Bu^'^ zero. Now the magnetic mechanism 
of the magnet is composed of an assemblage of crystal 
grains of Alpha iron in which crystal growth has taken 
place at all sorts of different inclinations. Hence if the 
group which forms a unit in the magnetic machine 
is identified with the elementary crystal group, the 
natural magnetic axes of the oriented groups will point 
in many directions. It is not difficult to see that, 
whatever the stage of magnetization may be, this variety 
of inclinations in the structure of different crystal grains 
must give oriented groups widely different degrees of 
stability. During the downfall of magnetization, 
different groups would vary in stability from a maximum 
to no margin at all, the groups with no margin being 
those in which the magnetic molecules, having arrived 
at the end of their tether, are on the point of reverting 
to the primitive group-form, as the gradual diminution 
in the orienting field continues. 

With the aid of this picture of oriented groups, the 
difference between continued downfall from the arrest 
point R, and a return along the line RE, is readily 
explained. Downfall consists in oriented groups 
reverting to the primitive state, their constituent mole¬ 
cules toppling over into that arrangement when they 
reach the end of their tether as parts of an oriented 
S 3 rstem^ Hence when the orienting field is diminished, 
after arriving at an arrest point, every group which 
happens to have reached the point of instability will 
immediately return to the primitive state, and the 
demagnetization curve from M to R may be continued 
towards A without a break by means of an adverse 
coil field which serves to diminish the orienting field. 
On the other band, if the orienting field is augmented by 
means of a coil field acting in the same direction as the 
self-created field, then the magnetic molecules in every 
group will swing round through a small angle in the 
orienting sense. The effect of this genial movement 
will be to deflect all those molecules which happen to have 
arrived at the end of their tether into angi^ar positions 
a little removed from their positions of instability, thus 
giving them, and the oriented groups to which they 
belong, a margin angle of stability. In other words, 
those groups in which Bg—6^ was all but zero will 
acquire a definite margin measured by the angular 
difference 0,— 5^. Incidentally the general movement 
of deflection, resulting from the increase in the orienting 
field, wffi add to the margin angle of all those groups 
which already had more or less margin. It is clear, 
however, that on increasing the orienting field by any 
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given amount, the margin of stability imparted to the 
magnet as a whole will be neither more nor less than 
the margin given to those oriented groups which, at the 
moment of arrest, were on the verge of instability. The 
weakest link in the chain determines the strengtii. 

In considering the effect of the coil field, the cumulative 
action of the magnetic molecules themselves must always 
be taken into account. In the present case the effect of 
making a small addition to the orienting field, by 
means of a coil field, is a general increase in the angle of 
orientation of the molecules. The immediate result is 
an increase in their effective magnetomotive force and 
consequently in the self-created field. This is an 
addition to the orienting field and brings about a further 
addition to the angle of orientation, the cumulative 
action going on until the falling off in the moment of 
the orienting force arising from the local flux created 
by each oriented group, balances the gain due to the 
increased orienting field. At that point a new equi¬ 
librium is established. 

In the tungsten steel magnet which has been chosen 
as a typical example, the remanent flux density— 
self-created field, or orienting field—^was 7 160 at the 
arrest point R. The instantaneous effect of the addition 
of a coil field of 10 units is to raise the orienting field to 
7 160. But, by experiment, it was found that as the 
result of the cumulative deflectional movement of the 
magnetic molecules in an orienting sense, the self-created 
field actually rose from 7 150 to 7 430, an increase of 280 
units. That-is to say the coil field of 10 units initiated 
changes in the angular positions of the molecules which 
gave them a greater effective magnetomotive force, and 
the outcome was an increase of 280 units in the self- 
created field, each unit of coil field inducing the magnetic 
molecules to generate 28 units. For small deflectional 
changes, such as we are now considering in connection 
with the line RE, there should be simple proportion¬ 
ality between increment of coil field, increment of deflec¬ 
tion, increment of magnetomotive force and increment of 
self-created field. Hence from what we can make out 
of the behaviour of magnetic molecules we'‘should 
expect to find the connection between coil field and self- 
created field in the region between R and E expressed by 
the straight-line law which experiment has already 
disclosed. 

So far as can be ascertained by magnetometet readings 
of precision, the proportionality of self-created field 
to added coil field holds gopd for values of the latter up to 
15 units or more, the first clear indication of any de¬ 
parture from a straight-line law occurring “with a coil 
field of 20 units. In the diagram, th^efore, the arith¬ 
metical relation of the two fields is represented by a 
straight line from R to E, and any departure from 
strict proportionality, either with increasing or decreasing 
magnitudes, is well within the thickness of the line. This 
simple state of things can only hold for such changes of 
the self-created field as can be made by deflecting the ' 
magnetic molecules one way or the .other within their 
marginal angles of stability. When those limits are 
exceeded on either side of the angle of equilibrium, then 
on the one side oriented groups will revert to the primitive 
state and on the other side primitive groups will be 
compelled to orient themselves. In either case the i 


transition from one group-form to the other involves a 
loss of energy, and the changes in orientation angle, in 
effective molecular magnetomotive force, and in mag¬ 
netic fields, are no longer in simple proportion. This 
state of things is indicated by the line RE beginning to 
curve upwards, the return line ER showing a corre¬ 
sponding curvature downwards, and the two lines then 
form a narrow loop enclosing an area. The area of the 
loop is, of course, a measure of the loss of energy, the 
hysteresis loss resulting from the unstable movements 
of the molecules when groups change from one form to 
the other. 

There is a close analogy between the oriented group 
which has a margin of stability, and the more familiar 
elastic spring. Just as the spring, in virtue of its elas¬ 
ticity, may be deflected in either direction within the 
elastic limit, so the constituent magnetic molecules of 
the group may be deflected either way within limits; 
and just as the spring returns to zero when the deflecting 
force is removed, so the magnetic molecules return to 
their angular positions of equilibrium. When every 
oriented group in a mass of magnetized iron or steel 
has been endowed with a margin of stability, the whole 
magnetic, mechanism, the whole magnet, responds to 
variations in the strength of the orienting field in a 
spring-like fasliion, a condition of deflectional stability 
in orientation which has been described by Ewing as. 
one of quasi-elasticity.* To retain the idea without 
suggesting all that is implied by the word elastic we shall 
refer to magnetized iron and steel which has been brought 
into the pseudo-elastic condition as being in a state of 
recoil f and lines drawn from an arrest point and back 
again, like the line between R and E in Fig. 35, will be 
described as recoil lines or recoil loops as the case may be.. 

The downfall of magnetization can be arrested at any 
point by adjusting the coil field to the appropriate 
value, either adverse to the self-created field or in the 
direction to assist it. In the example already considered 
the downfall was arrested at the point R, Fig, 36, by 
reducing the coil field to zero, and recoil was traced from 
R to E and back again to R. Other recoil lines are 
shown in the diagram originating at the points of arrest 
A, B, C and D. At each of these points the condition 
of the magnetic mechanism as regards stability is similar 
to that already described in connection with the point 
R. That is to say, there will be numerous oriented 
groups of magnetic molecules on the verge of instability, 
and to give them a margin the orienting field must be 
increased so as to cause the molecules to swing away 
from their precarious positions and take up angular 
positions of. equilibrium which give them a margin. 
When the downfall of magnetization is to be arrested 
at a poirit on the left-hand side of the axis OY, the 
arrest is brought'about by means of a coil field in 
the opposite ditectidn to the self-created fli^ld, and the 
increase in the orienting field which is required to give* 
a margin of stability iis effected’by gradually reducing the. 
strength of the adverse coil field. 

The recoil lines from the points A, B, C and D were 
traced by experiment from the point of arrest to the* 

* J. A. Ewing: “Magnetic In^Gction in Iron and Other Metals** (1803),. 
chap. 11. ■ m ' ' ' ' ' ' ■ ' 

I t Recoil:—^v.t. to start bac;k. Prom Frepch reculer. No connection with*, 
the coUs of a spiral spring, or with the exciting coil of a magnet. 
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axis OY and then back again to the main demagnetiza¬ 
tion curve. An adverse coil field of 16 units served to 
reduce the self-created field from 7 160 at R to 6 980 
at A, and from this point of arrest the recoil, line was 
traced by reducing the coil field step by step to zero. 
The consequent increase in the orienting field gave rise 
to an increase in the self-created field which.finally 
reached the value 6 410 on the axis OY, an increase 
of 430 units. Dividing 430 by 16 we find that along 
the recoil line from A each decrement of one unit in the 
coil field (or increment of one unit in the orienting field) 
results in an increase of 28*6 units in the self-created 
field, the field generated by the magnetic molecules. 
It was just possible to distinguish a slight curvature 
in the recoil from A, and when the line was traced beyond 
the axis O Y, as indicated by the dotted line, the direction 
of recoil became very nearly parallel with the corre¬ 
sponding recoil line RE. We have already noticed 
that along RE the increment of self-created field is 
28 times the increment of coil field, and it is now seen 
that in the course of recoil from tlie point A this pro¬ 
portion has the value 28*6 on the left-hand side of the 
axis. Continuing the line of recoil on the right-hand 
side towards Ea, a small curvature in the upward direc¬ 
tion can just be distinguished. As the point of arrest 
falls further and further down the curve of demag¬ 
netization, curvature of the lines of recoil becomes more 
prominent; partly because of the greater horizontal 
distance between the arrest point and the axial line OY 
and partly by reason of the decreased fiux density. 
Judging by the rapidly growing area of the recoil loops, 
it would seem that the molecular groups change from one 
form to the other more readily in weak orienting fields 
than they do in stronger fields. It may be noticed in 
passing -^at the position of the arrest point D was 
so chosen that, upon recoil, the magnet was left in a 
completely demagnetized condition. 

We now have to consider how far the state of recoil 
renders a permanent magnet immune to stray magnetic 
fields, and it will be convenient to begin with the most 
unfavourable case—^that of the bar magnet. We have 
an example of a bar magnet ready to hand in the.ellipr 
soidal magnet of tungsten steel to which Fig. 36 relates, 
and we may suppose this magnet to have been brought 
into a state of recoil from the point A by the application 
and removal of an adverse coil field of 16 units,, the 
remanent flux density in the magnet being indicated, 
by the point Ra. If the magnet, when in this condition, 
comes under the influence of a stray field not exceeding 
15 units and acting in the adverse or weakening , direc- i 
tion, the temporary effect will be to carry the magnetiza¬ 
tion to some point on the line RaA. On the disappearance 
of the stray field the magnetization will return alpng 
the line, of recoil to the remanent point Rr. . If the 
stray field had been in the assisting or strengthening 
direction the magnetization would have been carried to 
some point on the extjsnded line by recoil RaJ^a* 
again,, on the disappearance of the stray field, the 
magnetization would return along the recoil line to 
Ra. . Hence a bar magnet which has been brought into 
a state of recoil by the temporary application of an 
adverse coil field of given strength is immune to stray 
fields which do not exceed that stireuSth, immune in 


the sense that the strength of the magnet is not per¬ 
manently affected one way or the other by the stray field. 
But the proviso must be made that immunity is only 
absolute so far as recoil follows a straight-line law. 
As recoil lines acquire more and more curvature, giving 
rise to recoil loops, so the immunity from stray fields 
becomes less perfect; but even so the extent of the 
permanent change in the strength of a bar magnet, 
following the action of a stray field, mil always be limited 
to an amount not exceeding the vertical width of the 
loop. 

So much for the immunity of the bar magnet. The 
only other case which need be considered here is that of 
the bent magnet with two straight and parallel limbs. 
We shall again assume that recoil has been effected by 
an adverse coil field of 16 units, leaving the magnetiza¬ 
tion at the point Ra in the diagram. Obviously any 
stray magnetic field which is uniform throughout the 
space occupied by the magnet will act equally but in 
opposite directions in the two limbs of the magnet. 
Hence in one limb the temporary change in magnetiza¬ 
tion will follow the recoil line RaA and in the other limb 
the line RaEa- Although these two lines are nearly 
straight they are not exactly in Ime with each other, 
and hence the temporary change in one limb will not be 
exactly neutralized by the contrary change in the other 
limb. Nevertheless, the diflerence will be very small 
and where a bar magnet would suffer a considerable 
temporary change of strength, the change in the bent 
magnet would be hardly perceptible. On the disappear¬ 
ance of the stray field, the magnetization in each limb of 
the bent magnet will return to the point Ra, the strength 
of the magnet not suffering any permanent change 
provided the stray field has not exceeded the magnitude 
of the coil field which effected the recoil. 

jThe method of imparting stability to a permanent 
niagnet by recoil from some point on the main demag¬ 
netization curve leaves little to be desired, except on 
the score of symmetry on either side of the remanence 
line of the magnet; a want of symmetry which arises 
frjom the fact that the recoil lines RaA and REa are not 
exactly in line with each other. It is, however, easy to 
obtain exact symmetry by first adjusting the coil field 
to the desired value for recoil and then reversing its 
direction half a dozen times or more by means of a 
reversing switch in the circuit of the coil. An example 
of a S 3 rmmetrical recoil loop is shown in Fig. 36. The 
scale of the diagram has been magnified almost to the 
linait of what the magnetometer readings would bear, 
in order to exhibit the characteristic features of recoil 
loops as clearly as possible. The magnetcjmeter readings 
were taken after 16 reversals of the coil field, by which 
time the orientation had settled down intg, a condition 
in which the cyclic change followed the Same, course 
time.after time, It will be seen that in the,case of a 
bar magnet thp permanent effect of a. stray magnetic 
field ,of .15 uni-te acting .in the positive direction would 
be to leave the magnetization ,a.t the point Rg, whereas 
if the stray field had b®®n ip the negative direction 
the niagnetization would bq.left at Ri., ,At these two 
points the flux density .was .64X0 and 6 380.respectiyely, 
a difference of 30. units or 0*47 per cept.. This is the. 
maximum permanent change in strength which could 
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be effected by the temporary existence of a stray field 
of«16 units. ,A refinement in the method of the sym¬ 
metrical recoil loop is to reduce the coil-current step by 
step to zero while the reversing switch is worked to and 
fro. This has the effect of performing a number of 
cyclic changes in the coil field with a gradually decreasing 
amplitude, finally efiding at zero and leaving the mag¬ 
netization at a point midway between 
bar magnet which has been brought into this condition 
of ideal S5niimetry, the greatest permanent change in 
strength which could be caused by a stray field of 16 



coils giving a uniform magnetic field of any desired value 
up to about 20 units throughout a space big enough to 
contain the largest magnet. 

What is done by reversals of direct current may be 
done by alternating current. But it is essential that 
the coil field should penetrate to the centre of the magnet 
section, and to fulfil that condition in a bar of steel, 
perhaps half an inch in thickness, a supply of alternating 
current at very low frequency would be required. On 
the whole, the advantage seems to rest with direct 
current and a reversing switch. 

After being fully magnetized, a permanent magnet 
has its maximum strength when the magnetization has 
been allowed to settle down at the natural arrest point, 
R in Fig. 36. This is the point of maximum remanent 
flux density, and shifting the orientation of the magnetic 
molecules into a state of recoil, in order to give the 
magnet a margin of stability, involves a loss of strength. 
It is seldom that the magnitude of the stray magnetic 
fields to which a magnet may be subjected can be 
foreseen, and the designer can only exercise his judgement 
in determining what sacrifice of strength to make for the 
sake of securing immunity from the effects of stray 
fields which a magnet may or may not encounter in 
the course of its life. Stray magnetic fields in any space 
in which a permanent magnet is likely to be used do not 
usually amount to more than a few units, and perhaps 
as good a rule as any would be to make peignanent 
magnets immune to any fields not exceeding 10 units ♦ 
in all cases where constancy of permanent magnetism 
is essential. In the typical example of a tungsten steel 
magnet, to which Fig. 36 relates, immunity from stray 
magnetic fields of 10 units involves a sacrifice of 7*6 
per cent of the maximum possible strength, or 11-9 
per cent if the immunity figure is raised to 16 units. 
In a magnet made of cobalt steel the same immunity 
would only involve a sacrifice of strength amounting 
to about one quarter of those percentage figures. 

(27) Magnetic Stability : Resistance to 
Vibration. 

Stray magnetic fields having been guarded against, 
it remains^, to consider the effect of vibration on the 
delicately poised magnetic molecules when they are in the 
sensitive state of orientation which follows magnetiza¬ 
tion. Each molecule is a body of definite mass, and 
owing to the inertia arising from their mass, the molecules 
will be liable to disturbance by any land of vibration, 
whether that associated ^vith temperature or the less 
regular vibrational motions due to mechanical shock. 


units would be less than 0 • 24 per cent; and a bar magnet 
is the worst case. 

In the foregoing description of the method of giving 
a margin of stability to a magnet it has been assumed, 
for simplicity of statement, that the exciting coil 
used for the magnetization is afterwards available* for 
creating the adverse coil field which serves to shift the 
orientation into a condition of recoil and stability. 
In practice, however, it is not generally convenient to 
use the magnetizing coil for this purpose, and a separate 
coil must be provided. A coil intended -to impart 
stability may take the form of a pair of large Helmholtz 


Hence the molecules in any oriented group which 
happens to be on the verge of instability could not be 
expected to withstand energetic vibration, and whether 
we set them in stronger vibration by raising the tem¬ 
perature or joggle them by dropping the magnet on the 
floor, it seems certain that the result will be the same : 
the group of oriented molecules, already at the end of 
their tether, must inevitably return to the primitive 
condition of a closed magnetic circuit. The same thing 
will be likely to happen to oriented groups 'which possess 
a small margin of stability, provided the mechanical 

* The strength of miignetic field 20 ccp (8 in.) from a long straight c^n 
ductor carrying a current of1000 amperes is 10 units. 
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disturbance is sufficiently energetic. So far as Ewing*s 
theory holds the truth, all this may safely be predicted, 
and experiment amply justifies the prediction. If a 
permanent magnet which has just been magnetized 
is struck by any kind of non-magnetic hammer or 
dropped on the floor, it is found that the flux density 
decreases by a measurable amount. After the jolting 
of unstable groups back into the primitive state, the 
magnetic mechanism only contains oriented groups 
which have some power of self-preservation, and hence 
the violent mechanical disturbance, if continued, should 
have less and less effect. This again, is borne out by 
experiment, for the first few blows have the most effect. 
The author has found that when a tungsten steel magnet, 
which had just been magnetized, was dropped repeatedly 
on the floor, making it ring with a clear musical note, the 
first 20 blows reduced the initial remanent flux density 
by 2-76 per cent, but it needed 180 additional blows 
to increase the loss by 2 • 16 per cent, the total loss alter 200 



Fig. 37.—^Effect of mechanical vibration in reducing the 
magnetization (orientation of the magnetic molecules) 
in a permanent magnet of cobalt steel. (Honda.) 


blows being 4*9 per cent. In the end, after striking 
the magnet several thousand times with a brass hammer 
it appeared that a limit had been reached to what could 
be done by mechanical vibration of the land, the magnet 
having lost, altogether, 6-6 per cent of the initial 
remanent flux density. 

A similar experiment has been recorded by Prof. 
Honda as an example of the decrease in the flux density 
of a eobalt steel magnet caused by mechanical distur¬ 
bance.* From this experiment (illustrated in Fig. 37) 
it appears that when the magnet was dropped on a wood 
floor from a height of 1 metre, the first 20 blows effected 
a reduction of 4 per cent in the flux density. . After 
200 similar blows the loss had increased to a mayiTimm 
of 6*2 per cent, a figure not very different from that 
obtained by the present writer from tungsten steel. 
But the rough conditions of such experiments as these 
hardly justify n. numerical comparison, and it must 
suffice.to record the fact that in both tungsten magnet 
steel and cobalt magnet steel, violent disturbance by 

♦ Honda and Skiz6 SaitA : ** On K.S. magnet Reports of the 

Tohoku Imperial VniversUy (Japan); 1920, vol. 9; No. 6. * • ’ 


mechanical \fibration or shock causes an immediate 
reduction of betiv'een 6 and 6 per cent in the flux density. 
Whether the loss of orientation, and therefore of flux 
density, would be increased if the vibration were con¬ 
tinued for an indefinitely long time is a matter of con¬ 
siderable uncertainty and it does not appear that any 
investigation under stringent conditions has been 
attempted. 

Returning to our tungsten steel magnet, we shall 
suppose it to have been fully magnetized once more 
and that the magnetization has settled down again at 
the natural point of arrest. To impart stability involves 
the return of a number of the more unstable oriented 
groups to the primitive state, and we are now acquainted 
with two ways of doing this. It can be done by the 
application of a coil field in the adverse direction, or by 
dropping the magnet on the floor and so jerking the 
weaker groups into the primitive state. The question 
now arises whether these two methods are identical in 
their effect; whether in causing oriented groups to 
return to the primitive state, mechanical vibration 
gets hold of the same groups as those whose balance is 
upset by an adverse coil field. Since in either case the 
groups with little or no margin will be the first to lose 
their balance, the probability is that mechanical action 
and action by adverse magnetic field are, in some 
measure, alternative ways of doing the same thing. 
That they are so to a considerable extent, is shown by 
the following simple experiment. 

An ellipsoid bar magnet of tungsten steel having been 
fully magnetized, the remanent flux density was measured 
by magnetometer and found to be 7 310. The magnet 
was next subjected to mechanical vibration by giving 
it 600 blows in a.way capable of repetition. The effect 
was to decrease the flux density to 7 010, a fall of 300 
units. The magnet was flow fully magnetized again 
and the remanent flux density was observed to be 
7 310 as before. The next step was to bring the mag¬ 
netization into a state of recoil by the application and 
removal of an adverse magnetic field, the strength of 
the adverse field being 7 units. After recoil from the 
arrest point determined by the adverse coil field, the 
remanent flux density proved to be 6 890. In this 
state of recoil the magnet was of course immune to stray 
magnetic fields of any value not exceeding 7 units, 
and the question to be answered was whether the magnet 
was also immune to vibration. iTo determine the point 
the magnet was again subjected to mechanical vibration 
by giving it 600 blows of the same energy as those given 
in the preliminary test. The result was to diminish the 
flux density from 6 890 to 6 830, a fall of *60 units. 

The experiment shows that the effect of a particular 
course of mechanical vibration, which caused a loss of 
300 units when nothing had been done to give the 
magnet stability, caused a loss of only 60 units when 
a small margin of stability had been imparted to the 
magnet by means of an adverse field. In other words, 
when the magnet was in a state of recoil following the 
application of a negative coil field of 7 units the sensitive¬ 
ness of the oriented mass* of molecules to mechanical 
vibration was only one-fifth of what it was in the 
untreated magnet. To that partial extent, therefore, the 
method df the adverse ma^etic field gave immunity to 
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mechanical vibration, and there can hardly be a doubt 
thal a negative coil field of greater strength would have 
resulted in a larger degree of immunity to vibration. 
It is hoped to obtain a numerical relation between 
strength of adverse magnetic field and immunity 
from vibration by imparting vibrational energy to the 
magnet in a regular and measurable form. 

The questions which arise with regard to the effect 
of heat vibrations are identical with those already raised 
in connection with mechanical vibration. The vibra¬ 
tional effect of heat on the remanent fiux density of a 
magnet is illustrated by the two experiments recorded 
in Figs. 38 and 39. For these experiments two tungsten 

Time in hours 



Fig. 38.—^Effect of heat vibrations in reducing the magnettzar 
tion or orientation in a permanent magnet of tungsten 
steel. 


steel magnets were chosen ^bich bad not been subjected 
to any heat .treatment since they were hardened. The 
two magnets were nearly identical , in their magnetic 
characteristics, ^having been made from the same speci¬ 
men of steel. In the first experiment, the magnet, 
after, being, fully magnetized, had a remanent flux 
density of 7 22,0. After making this measurement 
the magnet was heated to 100® C. for successive periods 
of time, amounting altogether to 13 *7 houm. At the 
endpf each period the magnet was. allowed to cool do'wn 
in order, to measure the flux density at room temperature. 
During the prolonged heatmg, decay of .potency occurred 
to a noticeable extent, and ,tp ascertam what effect 
it had o^. fl.ux density the rnagnet was fuUy 
maghet^ed ,ag^in at the conclusion of the experiment. 
The total reduction in flux density resulting from 13-7 


hours at 100® C. was ,930 units, of which 230 were due to 
decay in the steel. The balance of 700 units is therefore 
the loss to be attributed to the vibrational effect of the 
heating on the oriented mass of molecules. 

The magnet used in the second experiment had a 
remanent flux density of 7 130 after being fully mag¬ 
netized. The first step was to give the magnet a margin 
of stability, this being done by several temporary 
applications of an adverse coil field of 18 units. Upon 
recoil after this treatment the flux density was 6 345. 
In this condition the magnet was heated to 100® C. for 
successive periods amounting altogether to 13*4 hours, 
measurements of flux density being made as in the 
previous experiment. The total loss of flux density 

Heating time in hours 



Fig. 39.—^Effect of heat vibrations on a permanent magnet 
of tungsten steel which had previously been given a 
margin of stability by the application of an adverse 
coil field of 18 units. 

caused by the heating was 186 units, and re-magnetiza¬ 
tion of the magnet showed that'of this amount 130 units 
was due to decay in the steel. The balance of 45 units 
is attributable to the vibrational effect of the heating, 
and comparing this with the 700 units lost from the 
same cause in the first experiment, it is evident that 
when the oriented mass of magnetic molecules has been 
given a margin of stability by means of an adverse 
magnetic field it is very largely immune to heat vibra¬ 
tions. The immunity is far greater than it was in the 
case of mechanical vibration. But this is probably to be 
explained by the greater strength of the adverse field 
used in the heat experiment, 18 units compared with 7 
units in the experiment with mechanical vibration. 
To obtain a jusj comparison between the effects of heat 
vibrations and '•mechanical vibrations it would be 
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necessary to make a somewhat elaborate investigation 
under rigid conditions.* 

Much remains to be done to provide conclusive answers 
to the questions involved in the ageing and stability 
of a permanent magnet. Once it is recognized that 
hardened magnet steel suffers a gradual decay, ageing 
in the strict sense becomes a comparatively simple 
matter; what is needed is a better knowledge of the 
rates of decay at different temperatures. Stability of 
orientation is a more difi&cult subject, and, although 
the facts adduced in the present section throw some light 
on the behaviour of the oriented magnetic molecules in 
a pemianent magnet under different forms of vibration, 
it still remains doubtful how far the state of recoil, 
which gives immunity so far as stray magnetic fields 
are concerned, renders a magnet immune to vibration. 
Whether in the absence of other disturbing influences, 
prolonged vibration by heat or by mechanical means 
has a cumulative effect, is another doubtful matter which 
could only be cleared up by long-continued experiment. 

(28) Conclusion. 

With the treatment which imparts stability to the 
oriented magnetic molecules, the making of the magnet 
comes to an end. The previous paper began by pre¬ 
senting a picture of the magnetic meclianism, and now 
in taking a final view our attention has once more been 
riveted on the wonder-working magnetic molecules 
and the fragile nature of the means by which they hold 
themselves together as an oriented system of magneto¬ 
motive forces. .That any man should be able to build 
up so delicate a mechanism and preserve it intact for 
even five minutes would appear impossible if we did not 
know that permanent magnets are being made by the 
hundred every day. Apparently, then, the weaving 
of the elaborate molecular pattern is a simple business; 
one which tlie steelmaker and the magnet maker, 
between them, have long succeeded in doing in a rough 
and ready fashion. And until recent years they 
managed to accomplish the feat with their eyes shut. 
But their success has been very largely a matter of luck. 
It so happened that primitive man used carbon for 
smelting iron ore and, some of the carbon finding its 
way into the iron, steel was produced~by accident. A 
truly astonishing stroke of luck for the human race, 
a fortunate chance to which the industry of steel making 
owes its very existence. If any other element than 
carbon had been available as the natural fuel for smelting, 
mankind might well have had to wait for the metal¬ 
lurgical chemist to discover how to make steel for hard 
tools and permanent inagnets. However, by chance 
the fuel was carbon and the benefit to civilized man— 
and steelmakers—^has been past aU reckoning. 

Nature provides magnetic molecules of iron ready 
made. Primitive man introduced carbon by accident. 
With these two essentials already there the permanent 
magnet almost makes itself. Nowadays there is no. 
great difficulty in melting scrap steel and improving 
it with a handful of ferro-tungsten and a pinch of 

The experiments recorded in Figs. 88 and 80 formed part of a premature 
attempt to determine the co*efQcient of the temperature variation of magnetiza* 
tbn. They were made before the discovery of the decw of potency, and it is 
only recently that they have be^J found to throw Jight on the question of 
immunity from heat vibration. 


carbonin casting the molten metal, in hardening 
it and, finally, in magnetizing it. The product^ is 
bound to be a permanent magnet of some sort, good or 
bad. But the manufacture of uniformly powerful 
magnets is a very different problem, and it would be 
hard to find any similar industry so full of pitfalls for 
the unwary. At every stage from the molten metal to- 
the final treatment for magnetic • stability, difficulties 
crop up one after the other. 

The trouble begins in the mixing of the ingredients 
of magnet steel, uniformity of carbon content being 
apparently difficult to achieve in practice. But the 
optimum composition of tungsten magnet steel has now 
been determined, and it may be hoped that some well- 
equipped research laboratory will undertake the much 
more difficult task of determining the optimum com* 
position of cobalt magnet steel. The general use of 
optimum compositions should leave the steelmaker free* 
to concentrate his efforts on uniformity of composition,, 
more particularly with regard to carbon content.' The 
day for tinkering with the proportions, a little more of 
this ingredient, a little less of that, is definitely over. 

Spoiling the steel by decomposition is the next trouble,, 
and a serious one. But the production of spoiled steel 
can be* prevented and the necessary modifications in 
steelworks practice will no doubt be made. Reluctance* 
to give up old ways may delay the change; but not for 
long, when magnet makers begin to be unwillfiig to buy 
decomposed steel. Cast magnets are almost unspoiled 
and their introduction will accustom the magnet maker 
to something better than badly spoiled rolled steel. 

Ultraheating is manifestly quite unavoidable. But 
ultraheated magnet steel is a trap for the unwary 
magnet maker rather than a serious difficulty. It is. 
easy to restore it to the normal Or all-Alpha state. 

The hardening of steel for use as permanent magnets 
presents several drawbacks, cracking and distortion 
among them. But as a means of securing the solution 
of enough carbon to give the necessary degree of potency, 
hardening is at present indispensable. What it does, 
in effect, is to prevent the carbide molecules from leaving, 
their solution positions when the allotropic change fromi 
Beta to Alpha iron takes place. The carbide molecules; 
may be said to be frozen in their solution positions by 
the sudden lowering -of the temperature of the metall 
to a point at which very little molecular mobility 
remains. Temporarily, at all events, this method of' 
compelling more carbide molecules to remain in solution 
than the solvent Alpha iron naturally holds is entirely 
successful. 

But molecular mobility at ordinary room temperatures, 
although very slight, is not zero, Little by little the 
carbide, artificially retained in solution, j)asses from- 
solution to crystal. Year by year, the potency decays- 
Whetlier decay will ultimately stop at some point short 
of the passage of the whole of the surplus carbide out 
of solution, cannot be foretold. All that is knovm at 
present is that four years after the hardening there is 
no sign of arrest in tlie progress of decay. 

. By temporarily heating the steel so as to allow a 
certain proportion of carbide to pass quickly out of 
solution, it is easy to forestall the natural decay of 
years. But this treatment only diminishes the rate 
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of decay to some lower value to whicli in the natural 
course of events it would have fallen after a certain 
number of years. It does not appear that anything 
can be done to put a stop to the decay of hardened steel. 

The discovery of a potency-giving molecule which 
did not suffer decomposition at temperatures attained 
during the manufacture of magnet steel would be 
advantageous, but perhaps the greatest improvement 
it is possible to imagine, in connection with the manu¬ 
facture of permanent magnets, would be to dispense 
with the hazardous process of hardening. What is 
needed is a potency-giving molecule which will dissolve 
so much more freely in Alpha iron than any of the 
carbides at present in use, that the necessary potency 
will be given by a solution which is in equilibrium at 
ordinary temperatures. No carbide molecule now in 
use dissolves in Alpha iron in sufficient quantity, but is 
it impossible to find one that will ? Then again, carbon 
appears to be the only element which is capable of 
forming a potency-giving molecule; but is there any 
ground for supposing that it is necessarily the only ele¬ 
ment that will serve the purpose ? For these questions 
there seems to be only one reply. No one knows what 
can be done, because no one has tried. , 

In the event of the discovery of a potency-giving 
substance freely soluble in Alpha iron, the advantage 
of doing away with the risky process of hardening will 
have one'drawback. It may be confidently predicted 
that iron containing in solution the desired quantity 
of the hypothetical substance will be too hard to machine 
in any way but grinding; for it can hardly be doubted 
that potency and hardness both arise from the molecular 
pattern of solution. 

In a more speculative field for discovery there is the 
possibility that the powerful magnetomotive forces 
latent in the atoms of the so-called non-magnetic ele¬ 
ments may be made available for use in the same way 
that the magnetism of iron is now used in permanent 
magnets. Iron itself has long been Calling attention, 
in vain, to the fact that an element can exist in either of 
two forms,. magnetic and non-magnetic, the ^change 
from one to the other involving a fundamental recon¬ 
struction of the molecule if not the atom. The discovery 
of the electron and the electrical constitution of matter 
has opened our eyes and it is now generally recognized 
that the atom is not the unchangeable entity it was 
long supposed to be. If iron can be reconstructed why 
not other elements ? Iron can exist at room temperature 
in either the magnetic or the non-magnetic form; and 
again why not other elements ? 

The immediate practical outcome of the conversion 
of a non-magnetic into a magnetic element may be 
glanced at.r The 26 planetary electrons in the atom 
of , iron, running round their orbits, provide the magneto¬ 
motive force used in the permanent magnet of steel. 
If only it were possible to induce the 50 planetary 
electrons in the atom of tin, for example, or better still 
the 82 in the atom of lead, to behave in the same way as 
the electrons of the iron atom, we should have a magnetic 
mechanism of two or three times the magnetomotive 


force of iron, and where the permanent magnet based on 
the iron atom maintains a working fiux density of 7 000, 
the magnet of tin would give 13 500, and with the 
reconstructed atom of lead as the basis of the magnet, 
a working flux density of 22 000 would be attained. 
A good deal could be done with such magnets as 
these. 

Whether or no the future holds in store any such 
revolutionary discoveries in permanent magnetism, 
we have in the meantime to make the best of the 
permanent magnet as we know it. An attempt has been 
made in the present paper to look inside the steel and 
follow the progress of the molecules as they arrange 
themselves in the pattern of solution that gives a per 
manent magnet its power. After much discussion 
following on a lengthy experimental investigation, and 
the discovery of more than one troublesome metal¬ 
lurgical fact, we have at last managed to complete the 
making of what is called a permanent magnet. Beginning 
with the molecule of iron with its electrons travelling 
round their planetary orbits, the magnetic machine 
has been put together molecule by molecule. To obtain 
the molecular pattern that gives potency it has been 
necessary to support- the mechanism by introducing 
certain molecules containing carbon—^molecules which 
when in solution appear to behave like props retaining 
the magnetic mechanism in the required form. Having 
accomplished this with success, we become aware of 
the awkward fact that the carbide molecules do not 
stay where we put them. One after anotlier they drift 
away from the positions of solution, and how to stop 
them we do not know. 

Looking back on all this and seeing the elaborate 
molecular pattern slowly falling to pieces, it is only 
natural that the word permanent, as applied to the 
magnet of hardened steel, should lose something of 
its force. But after all, even permanence is relative. 
It may be said that a permanent magnet is nothing 
apart from the man who makes use of it, and from 
that point of view perhaps it is enough that the magnet 
should be rather more permanent than the man. Any¬ 
one who needs greater permanence than that must be 
content with a magnet made of steel in the softened 
state. In that condition the steel is a solution in stable 
equilibrium and^'the potency is therefore everlasting. 
But for a given amount of useful magnetic energy, the 
volume of the magnet would be more than three times 
that of the hardened steel magnet, and there would be 
the further drawback that a magnet of softened steel is 
very easily demagnetized by stray magnetic fields. 

So matters stand to-day. But the field of metal, 
lurgical discovery is still largely unexplored, and hidden 
away somewhere the material for the permanent magnet 
of the future may be waiting to be unearthed. It is 
already possible to foresee its essential characteristics. 
It will be endowed with great inherent magnetomotive 
force and a high degree of potency, imparted by the 
pattern of solution. Above all, it will be a solution 
in stable equilibrium, a permanent mechanism for a 
permanent magnet. 
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APPENDIX. 


Ultraheated Magnet Steel. 


When steel containing tungsten or chromium, or some 
other foreign element of the kind, is heated to a high 
temperature beyond a certain critical point, it under¬ 
goes strange modifications in structure wliich affect the 
properties of the metal in remarkable ways. In tungsten 
steels the changes in molecular structure have formed 
the subject of a prolonged research by Honda and 
Murakami, ♦ who have based their metallurgical con¬ 
clusions on the varied forms assumed by the curves 
wliich represent the recovery of magnetism as the steel 
specimen cools down. Setting aside magnetic pheno¬ 
mena, the peculiar properties of high-speed tool steels 
have frequently been investigated by metallurgists; so 
far without arriving at a consensus of opinion as to 
the nature of the changes brought about by the high- 
temperature treatment. But, although a good deal of 
exploration has already been done, the fact that magnet 
steel which has undergone the high-temperature treat¬ 
ment makes a weak magnet, seems to have remained 
unnoticed until it forced itself on the attention of the 
present writer while tliis paper was in preparation. 

To make a good magnet out of tungsten steel or 
cobalt steel, the metal must be in the normal condition 
in which all the solvent iron is of the magnetic or Alpha 
variety. But these steels, even at ordinary room tem¬ 
peratures, are often in a peculiar condition in which 
some of the solvent iron is non-magnetic, and, to the 
extent tliat the iron is non-magnetic, the steel is deficient 
in the inherent magnetomotive force which is essential 
for a permanent magnet. It is proposed first to con¬ 
sider the circumstances that give rise to this unwanted 
state of things, and then, after investigating the con¬ 
ditions which determine whether iron molecules are held 
in the non-magnetic state or revert to their magnetic 
form, we shall go on to ascertain what is to be done 
to convert the abnormal steel into the wholly magnetic 
or all-Alpha state. When non-magnetic iron is present 
in steel at room temperature, it is often a matter of 
uncertainty whether it is of the Beta or the Gamma kind, 
but for the present purpose the point is of no conse¬ 
quence, and for simplicity of statement non-magnetic 
iron will be referred to as Gamma iron. 

It has long been known from the researches of 
Osmond, Bohler and others, that when steel containing 
tungsten is heated to any temperature above a certain 
point in tlie neighbourhood of 1 100“ C., a remarkable 
change takes place which manifests itself in the subse¬ 
quent behaviour of the steel. Having undergone some 
occult change the steel is, temporarily at all events, 
in an abnormal state, indicated by the much lower 
temperatures at which the allotropic changes take place 
when the steel cools down, and by other significant 
departures from the normal behaviour. It does not 
appear that any distinctive term has been suggested 
for this effect, but a word seems to be needed if only 
to avoid circumlocution. Since the peculiar condition 
is brought about by heating the steel beyond a certain 
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boundary temperature, it will be appropriate to refer 
to it as the ultraheated state. ^ 

The ultraheating effect appears to be entirely absent 
in plain carbon steel. It is, however, by no means 
confined to tungsten steel, for it occurs also in steels 
containing chromium and other kindred elements. In 
the so-called high-speed tool steels, which often con¬ 
tain both chromium and tungsten in addition to the 
dominant element c^bon, the ultraheating effect is 
very greatly enhanced—so much so that nearly all 
the solvent iron remains in the Gamma state when the 
steel cools down, and consequently all the carbide 
compounds are retained in solution without the necessity 
for the hazardous process of sudden cooling by quenching. 
Moreover, the solvent iron persists in the Gamma state 
even when the temperature of the -steel is raised as 
high as 600 or 600“ C., and so long as it is in that state 
the carbon remains in solution. It is this natural and 
persistent state of solution which gives to steels of the 
high-speed type the immensely valuable property of 
retaining their hardness notwithstanding the great heat 
generated by rapid cutting. The extensive use of high¬ 
speed tool steels has naturally led metallurgists to 
attend to the mechanical rather than the magnetic 
properties of ultraJieated steel, but in what follows the 
phenomena of ultraheating will be described from the 
magnetic standpoint. 

The temperatures recorded by different observers, 
for the boundary above which ultraheating takes place 
in tungsten steel, are not very consistent, but they 
indicate a point somewhere between 1 060 and 1 100® C. 
The ultraheating effect is known to be accompanied 
by a considerable absorption of energy, and conse¬ 
quently the boundary temperature may be ascertained 
by any of the methods employed for detecting changes 
in the normal rate of heating. For example, the 
boundary is sharply indicated for tungsten magnet steel 
in the inverse-rate heating curve shown in Fig. 40. 
This curve was obtained for the author by Mr. Rolfe 
from a specimen of magnet steel containing about 
0*70 por cent of carbon and 6 per cent of tungsten. 
It will be noticed that at a point on the temperature 
scale where the figures given above would lead us to 
expect the ultraheating effect to begin, there is a sudden 
and very marked retardation in the rate of heating. 
It begins sharply at 1 073® C., and comes to an end 
somewhere between 1 086 and 1 091® C., the magnitude 
of the departure from the normal course indicating a 
very rapid absorption of energy. This extreme^ sudden 
and active stage quickly comes to an end. It is followed 
by a retardation of much smaller amplitude which 
continues for awhile and comes to an end at about 
1 215® C., having lasted about ten minutes. ^ 

The very sudden absorption of energy, beginning at 
1 073® C., must arise from some nearly instantaneous 
action, and strongly suggests the occurrence of some 
land of rearrangement in the structure of atoms or 
molecules. The subsequent and rduch less rapid 
absorption of energy went on for many minutes, and 
on the view talcen in tliis paper, a duration measured 
by minutes is a clear indication.of changes which involve 
molecular journeys from place to place. The inverse- 
rate curve seeins, therefore, to point to some instan- 



802 


EVERSHED: PERMANENT MAGNETS IN 


taneous transformation of atoms or molecules, followed 
by** consequential and relatively slow rearrangements 
of the molecular pattern. It is probable that the entire 
process of ultraheating would take place at a tem¬ 
perature just above the boundary at 1 073° C., provided 
enough time were given for the slow consequential 
changes to be carried to completion. This deduction 
is confirmed by experimental records drawn from various 
sources. In some cases ultraheating appears to have 
been completely effected at temperatures not exceeding 
1 100° C. In other instances where the steel was carried 
to a higher temperature it seems probable tliat the full 
development of the ultraheated state was not caused 
by the higher temperature itself, but was due to the 
time occupied in raising the temperature. Again, in 
one of the author’s experiments, a specimen of tungsten 
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Fig. 40, —^Inverse-rate heating curve obtained from a typical 
specimen of tungsten magnet steel, (R. Rolfe.) 


magnet steel which had been rapidly heated to 1 300° C. 
and then allowed to cool down, was found to be only 
partially ultraheated notwithstanding the very high 
maximum temperature. This experiment was made 
before discovering the importance of allowing ample 
time for the development of ultraheating, and the 
temperature of the steel was raised to 1 300° C. as 
quickly as possible. It was not realized at the time 
that the of heating was excessive, and the sig¬ 
nificance of the experiment was not understood. But 
a comparison of the experiment with the inverse-rate 
curve in Fig. 40 suggests a ready explanation of the 
fact that the ultraheated state was not fully developed. 
The inverse-rate curve indicates that ultraheating takes 
place within a temperature range extending from 
1 073 to 1 216° C., and that full development occupies 
about 10 minutes. Now it appears from an examination 
of the record of the author’s experiment that in heating 
the steel to 1 300° C., the range from 1 073 to 1 215° C. 


was traversed in about 3 minutes, and this being less 
than one-third of the time required for full development, 
namely about 10 minutes, the partially ultraheated 
state of the steel at the conclusion of the experiment 
is well accounted for. Further experiments on ultra¬ 
heating, paying particular attention to the time element, 
would doubtless explain many of the discrepancies in 
existing experimental records. 

So much for the thermal conditions that give rise 
to the ultraheated state. The immediate consequence 
of ultraheating is shown in Fig. 41. This diagram has 
been prepared by integrating an inverse-rate cooling 
curve which Mr. Rolfe had obtained from a specimen 
of tungsten magnet steel. The steel was cooling down 
from a temperature of 1 300° C. and as the result of 
the high temperature it had of course acquired the 
ultraheated condition. 

In the diagram, the lower curve gives the departure 
from the normal rate of cooling, the amplitude of 
departure being measured in degrees per minute. The 
upper curve gives the rate of change of magnetic 
intensity, or in other words the rate at which the iron 
in the steel was being transformed into the Alpha 
variety.* In addition to the time scale, a scale of 
temperature is included in Fig. 41, and since no recales- 
cence occurred during the cooling of the steel, the scale 
is continuous although necessarily uneven. 

Looking at the tw’o curves in Fig. 41 it willrbe seen 
that a small quantity of Alpha iron made its appearance 
at about the normal temperature in the neighbourhood 
of 760° C., a transformation which was accompanied 
by a correspondingly small release of energy. The 
major portion of the transformation, however, did not 
begin until the temperature had fallen to 600° C., and 
the conversion into Alpha iron 03ily ended when the 
temperature had fallen to 390° C. Turning to the 
departure curve, it will be noticed that the passing of 
the carbides from solution to crystal only began at 
about 460° C. and proceeded so slowly that the tem¬ 
perature had fallen to 180° C. before tlie whole of the 
available surplus quantity of carbide had crystallized 
out of solution. 

Comparing this diagram with Fig. 12, which relates 
to tungsten magnet steel in the normal state, we see 
at once how gr^at is the contrast between steel in the 
normal state and ultraheated steel. As the result of 
ultraheating there is, first of all, a general and very 
pronounced lowering of the temperatures at which the 
several allotropic transformations occur, and those at 
which the process of crystallization begins and ends. 
In this lowering of temperature there is something 
that inevitably brings to mind the state of things in 
an undercooled solution, but steel contains so many 
unfathomed mysteries that it is perhaps better not to 
rely on ideas derived from the behaviour of the less 
complicated liquid solutions. 

Another respect in which ultraheated steel obviously 
differs from normal steel, is in the time occupied by 
the process of crystallization. Again comparing Fig. 41 

♦ The upper curve in Fig. 41 was obtained from a specimen of tungsten 
magnet steel of nearly the same composition as that to which the departure 
curve relates. But unJUke the graphs given in Fig. 7 and Fig. 12, the d^)arture 
curve and magnetic ciirve in Fig. 41 do not actually record concurrent observa¬ 
tions. 
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with Fig. 12, we see that when the steel is in the normal 
state the whole of the surplus carbide was able to pass 
from solution to crystal in a couple of minutes, whereas 
in the ultraheated condition the same process occupied 
more than 40 minutes. The longer duration is, of 
course, the natural consequence of the largely decreased 
molecular mobility throughout the lower range of 
temperature within which the passing of the carbide 
from solution to crystal takes place when the steel 
is ultraheated. 

The general lowering of significant temperatures in 
ultraheated steel being a very noticeable effect, the 
boundary temperature above which the ultraheated 
condition is acquired is often called the lowering 
temperature,** a term introduced by Dr. Swinden. 

If ultraheating did nothing more than lower the 
temperature range within which the change from 


perature after being ultraheated, a sensible fraction of 
the iron does in fact remain in the Gamma state. ^ It 
is easy to overlook this failure to return to the all-Alpha 
state, for there is nothing in such experiments as those 
recorded in Fig. 41, for example, to suggest that the 
whole of the iron had not been converted into the Alpha 
variety. But the effect is noticeable, as a deficiency 
of magnetism, in nearly all curves representing the 
recovery of magnetism in tungsten magnet steels which 
have been ultraheated. The author*s attention was 
drawn to the deficiency of magnetism in ultraheated 
magnet steel by what, at first sight, appeared to be 
errors of observation in certain determinations of the 
loss and recovery of magnetism which were undertaken 
for the present paper, and it was only after examining 
a number of experimental records that the apparent 
discrepancies were traced to the effect of ultraheating. 


Temperature C? 



Fig. 41.—^Tungsten magnet steel copling from 1300® C. Curves showing the rate of change of magnetic intensity during the 
recovery of magnetism, and departure from the normal rate of cooling consequent on the release of energy as heat. 


solution to crystal takes place, the effect would be as 
useful in matog magnets as it is in* making cutting 
tools ; because it would enable the hardening of a magnet 
to be carried out at a much lower temperature and 
consequently with less risk of cracking and distortion. 
But at this point the cutting tool and the magnet part 
company. For the purpose of a tool, hardness is the 
main thing, and it is advantageous to retain the solvent 
iron in the Gamma state, because the amount of carbon 
necessary for hardness is then held naturally in solution 
and the risky process of hardening by quenching can 
be dispensed with: the fact that Gamma iron is non¬ 
magnetic is immaterial. But the case of the magnet 
is very different. Although it is as important in the 
magnet as it is in the tool to have all the carbon in 
solution, the presence of non-magnetic iron robs the 
steel of some of its magnetomotive force and hence, 
in the magnet. Gamma iron must be avoided. 

Now, when tungsten magnet steel—^arj^ cobalt magnet 
steel too, for that matter—cools down to room tern- 


Finally, the whole matter was made dear by plotting 
a sequence of curves connecting inherent magnetism 
with temperature as tungsten magnet steel passed from 
the normal to the ultralieated state, and back again 
to the normal condition. These curves are reproduced 
in Fig. 42, where the vertical ordinates give the per¬ 
centage of inherent magnetism, or percentage of Alpha 
iron in a given volume of steel, pure* iron at room 
temperature being represented by 100. The steel to 
which the curves relate contained 6 per cenij^of tungsten, 
0*65 per cent of carbon, and alien elements 0*70 per 
cent. 

Following the events recorded in Fig. 42, the sequence 
begins mth curve A, whidi represents the loss of mag¬ 
netism in a test-piece which was apparently in the 
normal state, the initial reading at 17® C. being 94*2. 
The curve follows the usual course, loss of magnetism 
being practically complete at 800® C., the ordinary 
temperature for tungsten steel. 

Curve B shows the recovery of magnetism in the 
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same steel, when the test-piece, having been heated 
to*l 300® C., was allowed to cool down to room tem¬ 
perature. As the result of the ultraheating, recovery- 
does not begin until the steel has cooled down to 
600® C.; the transformation into Alpha iron going on 
at the greatest rate round about 600® C., at which 
point the difference of temperature between the loss 
of magnetism on heating and its recovery on cooling 
is ’no less than 260® C. Recovery continues as the 
temperature falls, but it will be noticed that it is still 
incomplete when the steel has become cold, the inherent 
magnetism at room temperature being now only 86*2 
compared with the initial value of 94-2. The deficiency 
is roughly 10 per cent and points to the presence of 
about that percentage of Gamma iron. 

Curve C shows the loss of magnetism when the test- 
piece was heated above the point where the iron loses its 
magnetism. The curve begins by following the course it 


contiiiued along some such path as that indicated by 
the dotted line, and in that case the deficiency of inherent 
magnetism would evidently have been much the same 
as it was when the test-piece cooled down from 1 300® C. 
The actual course of events, however, was very different. 
Following curve D as the temperature falls, it will be 
seen that at 600® C. a sudden change took place in the 
direction of curvature, the curve bending upwards at N 
and following a course which ultimately brought it 
close to the normal curve A. The inference seems to 
be that at 600® C. the deficiency in Alpha iron suddenly 
began to be made good, the undoing of the mischief 
wrought by ultraheating making such progress that 
by the time -the temperature had fallen to 200® C. the 
inherent magnetism or percentage oJf Alpha iron had- 
risen to 92*7. Observation stopped at this point, but 
the experiment had been carried far enough to demon¬ 
strate the magnetic effects of ultraheating in a general 



Fig, 42.—sequence of curves of loss and recovery of magnetism in tungsten magnet steel:— 

A. The steel in the normal state. Temperature rising to X 300” C, 

B. The temperature falling from 1300”; the steel in the ultraheated state. 

C. The steel in the ultra&eated state: the temperature rising to 935”. 

D. The temperature falling £rom 935”; ultraheating partially cured. 


would be expected to take, that is to say it runs more 
or less parallel with curve A and roughly 10 per cent 
below it. At about 750® C. curve C makes a near 
approach to curve A and as the temperature rises 
above that point the -two curves follow the same course, 
the magnetism vanishing at 800° C. The heating of 
the test-piece was stopped at 900® C. in order to avoid 
entering or ejven approaching the region of ultra¬ 
heating. 

The temperature having reached a maximum of 
935® C., the steel was allowed to cool down again, the 
recovery of magnetism being shown in curve D. In 
this curve magnetism begins to appear at about 800® C., 
the effect of ultraheating in lowering the temperature 
at which the iron begins to change into Alpha having 
disappeared. But although recovery of magnetism 
appears to go on much as it would do in normal magnet 
steel, the influence of ultraheating has not entirely 
gone. The course taken by curve D as the temperature 
falls from 660 to 600° C. suggests that it might have 


way, and to show that the ultraheated state is not 
permanent. Wl>atever that state may be—^whatever 
ultraheating actually does to the steel—it can evidently 
be undone by appropriate heat treatment. 

The experiments recorded in Fig. 42 were intended 
to demonstrate the lowering of the temperature of the 
magnetic change in ultraheated steel and, as it happened, 
the conditions were unfavourable for the development 
of the maximum deficiency of magnetism, the steel 
having been too rapidly heated to 1 300° C. Moreover, 
the subsequent cooling from 936° C. was carried out 
at a speed which afforded barely enough time for the 
steel to return to the all-Alpha state. The rate of 
cooling from 760® C. down to 600® C. was about 26 degrees 
a minute, and the fact that the making good of the 
magnetic'deficiency occurred as a separate event, after 
the greater part of the magnetic recovery had been 
completed, suggests that cooling at any greater speed 
might have re^ialted in. total failure to recover from 
the effect of ultraheating. The point is one of 
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importance in practice, and when magnet steel is heated 
and cooled to remove the efEects of ultraheating, the 
cooling speed may well be limited to something con¬ 
siderably less than 26 degrees a minute in order to 
avoid the chance of failure. 

A deficiency of inherent magnetism in ultraheated 
tungsten steel is disclosed in several of the author's 
experiments, the proportion of Gamma iron, as indicated 
by magnetic deficiency, varying from 8 per cent to 
11 per cent. But the experiments were limited ifi 
scope and there was nothing to show whether the ultra- 
heated condition had been fully developed or not. 
Hence the experimental data do not afford a basis for 
the determination of the maximum possible proportion 
of Gamma iron in fully ultraheated tungsten magnet 
steel. 

Fortunately the required information can be obtained 
from the numerous magnetic recovery curves observed 
by Honda and Murakami. It has already been men¬ 
tioned that the object in tracing these curves was to 
determine the molecular constitution of tungsten steels 
from an examination of the way in which magnetism 
was recovered as the specimens cooled down. For this 
purpose it was not thought necessary to take into 
account the different values of the final intensity of 
magnetization after the steel had cooled down from 
different temperatures. Nevertheless each recovery 
curve followed down to a final temperature of 
60° C., and from the recorded values of the intensity 
of magnetization at that temperature the present writer 
has determined the amount of non-magnetic iron present 
in each ultralieated specimen. None of the 63 tungsten 
steels examined by Honda and Murakami had the 
composition of the best tungken magnet steel, but 
by a method of interpolation it has been possible to 
make an accurate computation of the percentage of 
non-magnetic iron in ultraheated tungsten magnet steel 
of the composition in common use at the present time. 
Taking 6 per cent of tungsten and 0«7 per cent of 
carbon as a t 3 rpical composition for magnet steel, and 
supposing the steel to be in the fully ultraheated con¬ 
dition, the author finds that it will contain 16*4 grammes 
of non-magnetic iron per 100 grammes of solvent iron. 

The figure^ just given shows that if a permanent 
magnet made of good tungsten magnet%.$i;»el happened 
to be in the fully ultraheated state it would be roughly 
16 per cent weaker than a similar magnet made of the 
same steel but in the normal or all-Alpha state. It 
is hardly possible for the steel to retain the ultraheated 
condition to the full extent when it comes to the 
hardening, but ultraheating must often cause permanent 
magnets to be 10 or 12 per cent weaker than they 
need be. The weakness arises from the deficiency of 
magnetic molecules and not frpm any loss of potency; 
for, provided the hardening is fully effective, the whole 
of the carbon in magnet steel will be retained in solu¬ 
tion, giving the maximum potency whether the steel is 
ultraheated or normal. 

When magnet steel is in the softened state there is 
a remarkable difference between the normal and the 
ultraheated condition; the potency of ultraheated steel 
in the softened state being mudh greater than that of 
the same steel when normal aiid in tlie softened states 
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This unexpected state of things is easily demonstrated 
by a few measurements of the coercive force of a piace 
of magnet steel in the softened condition, first after 
cooling it down from a temperature well above the 
ultraheating boundary, and then after cooling from & 
point well below the boundary. Some typical measure¬ 
ments of this kind are given in Table 17. The tabular 
figures record the results of five tests made one after 
the other on a piece of ordinary 6 per cent tungsten 
magnet steel received from the steelworks in the form 
of rolled bar. Each test was made with the steel in 
the completely softened state, that is to say, in every 
case the steel was cooled slowly enough to permit all 
the surplus carbide which could pass out of solution 
to do so. It will be noticed that when the steel was 
in the normal or all-Alpha state the coercive force 
was 16, a very usual figure for softened tungsten magnet 
steel; whereas • when the same piece of steel was in 


Table 17. 


Condition of the steel and its heat treatment 

_____ 1 

Coercive 

force 

a 

As received from the rolling mill 

26-6 

b 

After heating at 1 130° C. for 6 



minutes, followed by slow cooling to 
20° C. 

26®0 

c 

After heating at 930® C. for 6 minutes, 



followed by slow cooling to 20° C... 

17-0 

d 

After heating at 710® C. for 46 minutes. 



followed by cooling in the air 

16-0 

e 

After heating at 1 180° C. for 6 



minutes, followed by slow cooling to 
20° C. 

26-0 

(a), (b) and (e) in the ultraheated condition; 

(c) nearly normal; (d) quite normal. 


Cd^icive force of softened tungsten magnet steel in 
the ultraheated state, and in the normal or all-Alpha 

state. 



the ultraheated state the coercive force was 26*8, on 
an average of three tests, an excess of nearly 11 units. 
Similar experiments are quite likely to result in figures 
differing by two or three units from those in the table, 
but it will always be found that the coercive force of 
the ultraheated steel is JO or 11 units greater than 
that of the same steel in the normal state when both 
are in the softened condition. It is not uncommon for 
the coercive force of softened tungsten magpet steel in 
the fully ultraheated state to be as high as 28 or 29, 
the latter figure being the highest value of which the 
author has any record. Taking 26 and 29 as extreme 
values, a rough average value would be 27*6 units, 

A coercive force of 27*6 in ultr^eated tungsten 
magnet steel, in the softened state, can be accounted 
for if we suppose that the potency of the steel as a 
whole depends not solely 'on the carbon dissolved in 
the Alpha iron (which alone constitutes the magnetic 
mechanism), but on the whole amount of carbon in 
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solution, without distinguishing between what is dis** 
so>ved in non-magnetic iron and what in magnetic 
iron. The surplus carbon rejected from solution when 
the greater part of the solvent iron is transformed 
into the Alpha variety will naturally dissolve in the 
surviving Gamma iron which will ultimately become 
a saturated solution containing 1 • 02 gramme of carbon 
per 100 grammes of iron.* Alpha iron will retain 
about 0*24 gramme of carbon in solution per 100 
grammes of iron, and, assuming the ultraheated con¬ 
dition has been fully developed, the solvent iron will 
be 83* 6 per cent Alpha and 16*4 per cent Gamma iron. 
Hence the quantity of carbon dissolved in the Alpha 
iron will be 0*24 X 0*836, and in the Gamma iron 
1*02 X 0*164. That is to say, tlie amount of carbon 
in solution will be about 0*20 gramme in the Alpha 
iron, plus 0*17 gramme in the Gamma iron, making 
a total of 0*37 gramme of carbon in solution per 100 
grimes of solvent iron. In steel containing 6 per cent 
of tungsten and 0*70 per cent of carbon, the solvent 
iron constitutes about 92 per cent of the weight of the 
steel, and consequently the 0*37 gramme of carbon 
when reckoned on the weight of steel becomes 0*34 per 
cent. The steel being supposed to contain 0*70 per 
cent of carbon, 0*39 per cent would be present as 
tungsten carbide and 0*31 per cent would be carbide 
of iron. Assuming the quantity of carbon in solution 
in the softened steel, namely 0*34 per cent, to be 
divided between the two carbides in the same pro¬ 
portion, 0*19 per cent must be reckoned as tungsten 
carbide and 0* 15 per cent as carbide of iron. Reading 
from the carbon-cbercive-force curve for 6 per cent 
tungsten steel (Fig. 9) it will be found that the corre¬ 
sponding items of coercive force arising from these 
percentages of carbon in solution are 24 units and 
3 units respectively. The total coercive force would 
therefore be 27 units, this being the estimated coercive 
force of the ultraheated steel when in the softened 
state. 

The estimated value of the coercive force, arrived 
at in the last paragraph, agrees so closely with the 
values commonly observed in specimens of ultraheated 
tungsten magnet steel in the softened state as to leave 
very little doubt that the total amount of carbon in 
solution is in fact the governing quantity as regards 
potency. It seems clear that any carbon dissolved in 
the magnetically inoperative Gamma iron creates 
potency in the magnetic mechanism, just as it would 
do if it were actually in solution in the Alpha iron 
which constitutes that mechanism. The ability of 
carbide moleqjiles dissolved .in Gamma iron to exert 
a potency-giving force in neighbouring Alpha iron 
suggests that it is the solution pressure of the dissolved 
carbide compounds which gives rise to the. potency, 
a pressure exerted throughout the ^mass Of mingled 
Alpha and Gamma iron without regard to the precise 

* The percentage of carbon in the saturated solution is here assumed to be 
the same in tungsten magnet steel as it is stated to be in carbon steel, lifetallur- 
gical textbooks give 1 atom of carbon to 24 atoms of iron as the eutectoid pro* 
TOrtion in carbon steel, but whether this ratio dropped from the sky or was 
determined by diemical analysis does not api)ear. Assuming the correctness 
of the proportion and giving three of the iron atoms to the carbon atom to form 
FeaC, there will be 2X atoms of solvent iron to each carbide molecule. Hence 

13 X 1 

the percentage weight of carbon to solvent iron will be 100 —■ ■■——■ which is 
, , .. fiO’ooxzl 

I * 02, the figure used in the text. 


locality of the solute molecules. But an explanation 
of this kind does not really carry us very far. The 
phrase '‘solution pressure" belongs to the statistical 
view of solute molecules. It does not tell us an 3 rfching 
of the doings of individual molecules, and in the 
author's view the secret of potency in steel lies in the 
action of the individual carbide molecule on a small 
group of magnetic molecules. 

The method used above in estimating the coercive 
force of fully ultraheated magnet steel in the softened 
state may be employed to compute the coercive force 
of partially ultraheated steel containing any given pro¬ 
portion of Gamma or non-magnetic iron. Having cal¬ 
culated a number of co-ordinate values they may be 
used to construct a graph showing the relation between 
the percentage of Gamma iron in the solvent iron and 
the coercive force of the steel when in the softened 
state. A graph of this kind relating to 6 per cent 
tungsten steel containing 0*70 per cent of carbon is 
given in Fig. 43. 



O 5 10 15 20 

Grammes of non-magnetic iron 
per 100 grammes of solvent iron 


Fig. 43. —^Ultraheated tungsten magnet steel in the softened 
state. Graph giving the relation between the percentage 
of non-magnetic iron and the coercive force of the 
softened steel, (Computed by the author.) 

Both cobalt steel and tungsten steel are liable to 
ultraheating, and no matter how; magnet steel is made 
it is inevitably fully ultraheated in course of manu¬ 
facture. Magnet steel as it comes from the steelworks 
is therefore always in an ultraheated condition, the 
deficiency in magnetism varying according to the heat 
treatment which the steel has undergone since it was 
ultraheated. A direct measurement of the deficiency 
in magnetism is not easily made with accuracy, but 
by measuring the coercive force of the steel when 
in the softened state and referring to a graph like 
that given in Fig. 43, the proportion of Gamma or 
non-magnetic iron present in the steel is seen at a 
glance. The percentage of non-magnetic iron is the 
same thing as the deficiency in the inherent magnetism 
of the steel and, knowing that, the percentage loss of 
useful magnetic power is determined. It will be seen 
from Fig. 43 that in the case of tungsten magnet steel 
tested in the softened state, a coercive force anywhere 
between 20 and 30 is a sure indication of the presence 
of a considerable percentage of non-magnetic iron. 

Ultraheated magnet steel naturally makes a poor 
magnet, but fortunately the mischief done by ultra- 
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heating is not irreparable. It can be undone by suitable 
heat treatment, and from the point of view of the 
magnet maker perhaps the most important discovery 
to make about the ultraheated state is how to get rid 
of it—^how to cure ultraheated steel. 

There are several ways of restoring ultraheated steel 
to the normal state in which all the solvent iron is 
magnetic. The methods which depend on heat treat¬ 
ment all act in essentially the same way, and the choice 
between them turns only on what happens to be con¬ 
venient in practice. A possible alternative to heat 
treatment is to lower the temperature' of the steel to 
some point, at present undetermined, at which any 
non-magnetic iron would revert to the magnetic state. 
So far as permanent magnets are concerned, ever 3 Hhing 
turns on the solvent iron being wholly converted into 
the magnetic state, and the various ways of removing 
the effects of ultraheating will be better understood 
if we begin with an examination of the conditions 
which bring about the magnetic change when the steel 
is in the ultraheated state. 

In Section (11) it has been shown that the occurrence 
of the magnetic change at some particular zone of 
temperature, can be accounted for first by supposing 
that each iron molecule is constantly urged to assume 
the magnetic form by a force of reversion which is 
inherent in the system of electric currents embodied 
in the^ molecule, and then by assuming that this 
inherent force of reversion is opposed by a general 
pressure acting equally on every molecule of iron 
throughout the mass. It may be that pressure is not 
the sole variable force opposing the reversion of non¬ 
magnetic iron to the magnetic state, but so far as steel 
in the normal condition is concerned, pressure appears 
to be the principal factor on which the magnetic change 
depends. Apart from hypothesis, there is the out¬ 
standing fact that in any kind of steel, provided it is j 
in the normal state, the condition which brings about ^ 
the magnetic, change affects the whole of the solvent 
iron. Above the temperature zone where the magnetic 
change occurs, all the iron is non-magnetic; below that 
zone all the iron is magnetic. Clearly, whatever the 
nature and origin of the force which determines the 
magnetic change, it is a force which acts on all iron 
molecules alike; it is a general and ^ not a selective 
force. 

We now turn to the consideration of the conditions 
which bring about the magnetic change in ultraheated 
steel. It will be convenient to take ordinary tungsten 
magnet steel as our example, since it is the t 3 rpe of 
steel with which we are concerned in this paper and 
exhibits all the phenomena of ultraheated steel. 
Experimental records of the magnetic change in ultra¬ 
heated tungsten magnet steel have already been given 
earher in this Appendix, and there is, in addition, a 
most valuable fund of information of the same sort 
to be found in the magnetic recovery curves obtained 
by Honda and Murakami.* In high-speed tool steels 
ultraheating is diSveloped to a much greater extent 
than it ever can be in magnet steels, but these steels 
do not appear to have been investigated by magnetic 

* The author is indebted to ^roiessor Honda for copies of the three Science 
Reports relating to the structure of tungsten steels, «id the characteristic 
properties of cobalt magnet steel. 


methods^ So far, thermal evidence alone seems to have 
been obtained and in the absence of magnetic data fee 
key to ultraheating is missing. 

We have seen in Fig. 41 that when tungsten magnet 
steel cools down from a temperature above the . ultra- 
heating boundary, the magnetic change does not take 
place until the temperature has fallen a long way below 
the zone where magnetism is regained when the steel 
is in the normal state. Without further inquiry this 
lowering of the temperature, at which the solvent iron 
reverts to the magnetic state, might be attributed to 
an increase in the pressure; an increase in solution 
pressure might be supposed to result from some occult 
molecular change brought about by ultraheating. But 
we already know that Fig. 41 does not tell the whole 
story. It omits to record the significant fact, disclosed 
by recovery curve B in Fig. 42, that when the partially 
ultraheated steel had cooled down to room temperature 
10 per cent of the solvent iron was still in the non¬ 
magnetic state, and the magnetic change which ended 
at 390® C. was therefore limited to the conversion of 
90 per cent of the solvent iron from the non-magnetic 
to the magnetic state. The same limited reversion to 
the magnetic condition is shown over and over again 
in the magnetic recovery curves recorded by Honda and 
Murakami. In the case of tungsten magnet steel which 
has cooled down to room temperature after being fully 
ultraheated, about 84 per cent of the solvent iron will 
be found to have reverted to the magnetic state, leaving 
16 per cent still in the non-magnetic and therefore 
useless form. Here we have clear evidence of the 
existence of forces of widely different strength, acting 
selectively on the iron molecules and opposing their 
inherent tendency to revert to.the magnetic state. Out 
of eve^pr 100 molecules, 84 are under the restraint of 
some individual opposing force in addition to the 
pressure. These two forces togetlier constitute a total 
force of restraint which is only finally outweighed by 
the inherent force of reversion when the temperature 
has fallen to 390® C. and by so doing greatly reduced 
the pressure. 

The temperature having fallen to 390® C., about 
84 per cent of the solvent iron has changed into Alpha 
iron and a corresponding proportion of surplus carbide 
is released/from solution. The passage of carbide from 
solution to crystal proceeds as the temperature falls, 
fh® time the steel has cooled down to room 
temperature the transfer will be at an end, as the 
lower curve in Fig. 41 clearly shdws. Hence when the 
steel is cold the pressure will have fallen not only as 
the result of the fall in temparature, A)ut because a 
quantity of solute will have passed out of solution, 
thus making a further reduction in presstwre. Taking 
the diminution in solution pressure into account, it 
is easy to show that the total pressure at 16® C. must 
be much less than half what it was at 390® C., yet 
notwithstanding this great reduction in the general 
force opposing the reversion of non-magrietio-iron to 
the magnetic state, roughly 16 per cent of the solvent 
iron is still held in the non-magnetic ” form. The 
inference must be that out of every 100 molecules, 
16 are under the restraint of some opposing force acting 
individually on each of them, and that this force is 
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of far greater strength than that which opposed the 
reversion of the 84 molecules. 

In ultraheated steel, then, every molecule of solvent 
iron is acted on by one or the other of two selective 
forces, in addition to the general pressure which is 
present in any case, whether the steel is ultraheated 
or not. The existence of these selective forces may 
be accounted for by supposing that ultraheating creates 
bonds between certain of the solute molecules and groups 
of iron molecules, a binding together by intermolecular 
forces which may perhaps be akin to chemical union, 
although the bonds are apparently of a somewhat 
transient character. But the explanation, which is at 
present only in a tentative stage, belongs to a remote 
metallurgical region beyond the scope of this paper. 
For the immediate purpose it is not necessary to attach 
metallurgical labels to the two bonds; it is enough 
to recognize their existence in ultraheated steel, each 
holding in bondage a definite proportion of the whole 
quantity of solvent iron and opposing the reversion to 
the magnetic state. To mark the fact that one bond 
is much stronger than the other we shall refer to them 
as the major and minor bonds. 

The proportion in which any particle of the solvent 
iron is divided between the two bonds depends on the 
composition of the steel and the extent to which it 
has been ultraheated. In high-speed tool steels con¬ 
taining both tungsten and chromium in additon to 
carbon, it is possible for the whole of the solvent iron 
to be under the influence of the major bond, provided 
the ultraheated state is fully developed. In that 
condition the steel should of course be non-magnetic 
at room temperature, but the author is not aware of 
any evidence on the poi^nt. For ordinary tungsten 
magnet steel in the fully ultraheated state the pro¬ 
portion in which the iron molecules are divided between 
the two bonds has already been given, 84 molecules 
out of every 100 being caught, as it were, in the minor 
bond and 16 in the major bond, these figures being close 
approxmations to the true proportions. Strictly 
speaking, the proportion 84 to 16 only applied to the 
state of things existing, in the steel when the tem¬ 
perature is above the zone where the magnetic change 
would occur if the steel were in the normal state. We 
have already seen that in cooling down to a temperature 
below 390® C. the minor bond comes undone, and 
consequently at room temperature the major bond 
alone survives, holding about 16 per cent of the solvent 
iron in the non-magnetic state. With the steel in this 
condition we may once more note the play of forces 
on each noni^nagnetic molecule of iron. Since the 
molecule is non-magnetic the system of electric currents 
embodied in it is not one of stable equilibrium, and 
hence there is a constant force urging the molecule to 
revert to the magnetic state which alone gives it stable 
equilibrium. Acting in opposition to this inherent force 
of reversion there is the pressure arising from the 
temperature, the pressure arising from the presence of 
solute molecul^, and the force of the major bond. 
At room temperature the sum of these three opposing 
forces exceeds the force of reversion and consequently 
the molecule is held in the non-magnetic form.. This 
state of things applies to 16 out of every 100 molecules 


of solvent iron and robs the steel of 16 per cent of its 
useful power as a permanent magnet. That in a few 
words describes the condition of tungsten magnet steel 
in the fully ultraheated state. 

That the magnetic or non-magnetic state of an iron 
molecule must depend on the preponderance of forces, 
one way or the other, is of course self-evident, but 
some sort of working hypothesis, such as that outlined 
in the foregoing paragraphs, was needed in order to 
provide a string of coherent ideas. With their aid we 
proceed to consider the curing of ultraheated steel. 

Since the effect of ultraheating is to create bonds 
which prevent the solvent iron from reverting to the 
magnetic state, and the magnetic state is essential for 
permanent magnetism, the most obvious remedy is to 
sever the bonds, assuming that to be possible. But it 
would answer the purpose equally well if, leaving the 
bonds intact, the sum of all the forces opposing the 
reversion of non-magnetic molecules to their magnetic 
form could be reduced to the point at which the total 
opposing force was outweighed by the force of reversion. 
This is in fact the natural and easy way of disposing 
of the influence of the minor bond, for the reduction 
in pressure when the steel cools down to room tem¬ 
perature brings the sum of the opposing forces well 
below the force of reversion, and consequently by the 
time the ultraheated steel is cold all the solvent iron 
caught in the minor bond has already reverte^J. to the 
magnetic state. To that extent, therefore, the harmful 
effect of ultraheating on the magnetism of iron is removed 
by the simple expedient of cooling the steel down to 
room temperature, and having overcome its influence 
in the simplest possible way there is no occasion to take 
further notice of the minor bond. 

It remains to deal with the major bond. At room 
temperature this bond, together with the total pressure, 
more than balances the reversion force. But since the 
minor bond has been disposed of by lowering the tem¬ 
perature, and with it the pressure, there is good reason 
to believe that with a further lowering of temperature 
a critical point would ultimately be reached at which 
the greatly reduced pressure, plus the force of the 
major bond, would be outweighed by the reversion 
force; at that point, possibly a long way down the 
scale of temperature, all the iron caught in the major 
bond—which is as much as to say all the iron remaining 
in the non-magnetic state—^would revert to the magnetic 
condition. This final transformation having taken 
place, all the solvent iron would be in the magnetic 
state and so far as magnetisn is concerned the steel 
would have assumed the normal or all-Alpha condition. 
Whether this method of overcoming the major bond 
by low temperature is practicable depends on whether 
the critical temperature is within easy reach. The 
discovery of the harmful effect of ultraheating on magnet 
steel being of recent date, the author has had no oppor¬ 
tunity to determine the whereabouts of the critical 
point. There should not be much difficulty in finding 
it, since liquid air boiling at 182 degrees C. below zero 
is available for experiment. 

The alternative to overpowering the ultraheating 
bonds by lowe^ng the temperature is to get rid of the 
harmful effect of ultraheating by actually breaking the 
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bonds. This can be done and by good fortune it only 
needs heat treatment of a simple kind. In one form 
the method is already in use by toolmakers as a means 
of softening high-speed tool steel, though whether the 
toolmaker clearly understands what is happening to the 
steel is open to doubt. A hint of what is needed to break 
the major and minor bonds is to be found in Fig. 41, 
where the curve which gives the rate of growth of the 
magnetic intensity clearly shows that non-magnetic iron 
began to be converted into Alpha iron at about the 
temperature where the magnetic change would have been 
in progress if the steel had been in the normal state. 
This slight reversion to the magnetic condition suggests 
the possibility that the ultraheating bonds began to 
break up within that region of temperature, but that 
something checked the progress of reaction. However, 
the diagram conveys no more than a hint, and to obtain 
further light we must once more turn to the magnetic 


54 minutes being occupied in traversing the 60 degrees. 
At 700® C. the cooling speed was restored to the noftnal 
rate of 29 degrees a minute. 

Looking at curve E, it will be noticed that when 
the steel cooled down at the high speed of 100 degrees 
a minute, the final percentage intensity of magnetization 
at 60® C., practically room temperature, was only 87, 
showing that 13 per cent of the solvent iron was still 
under the restraint of the major bond. But curve F 
shows that at the slower cooling speed of 29 degrees 
a minute the final percentage intensity rose to 94, 
indicating that the slower cooling had resulted in the 
release of 7 per cent of solvent iron from the major 
bond. From the course taken by the curve below 
760 as far as 600® C., it seems that the release took 
place while the steel was traversing that region of 
temperature, and if the steel had cooled still more 
slowly the additional time within that region would have 



^ “ tungsten magnet steel when cooling from a temperature just above 

1100 C. at different speeds. £ at 100 degrees a minute ; F at 29 degrees a minute; G at 1 degree a minute. 

* [Honda.] 


recovery curves recorded by Honda and Murakami, 
choosing a set of curves relating to tungsten steel not 
too widely different from ordinary tungsten magnet 
steel. Fig. 44 is reproduced from'a di^sgram containing 
three recovery curves obtained a specimen of steel 
containing 7*9 per cent of tungsten and 0*63 per cent 
of carbon. Each curve is plotted from observations 
made while the .specimen was cooling down from 
1 100® C. This temperature being above the ultra¬ 
heating boundary, the specimen was of course in an 
ultraheated condition, but it is unlikely that the ultra- 
heated state would be fully developed at a temperature 
so little above the critical point at 1 073° C. The 
marked differences between the three curves mse from 
the widely different rates at which thq steel was cooled. 
In curve E the cooling speed between 700° and 360° C. 
was 100 degrees a minute. In curve F the same range 
of temperature was traversed at 29 degrees a minute. 
In curve G the rate of cooling was intentionally checked 
at 760° C., and from that point down to 700° C. the 
cooling was reduced to something like 1 degree a minute, 


resulted, no doubt, in the release of a greater quantity 
of solvent iron from the major bond. 

That the major bond slowly comes undone just below 
760° C., and that the release of the whole of the iron 
caught in that bond is only a question of time, is clearly 
shown in curve G. In the course of 64 minutes, the 
temperature being nearly constant at about 700° C. for 
most of the time, all the solvent iron was released from 
the bondage set up by ultraheating, awd the recovery 
of magnetism was complete. To state the fact in 
another way, the breaking of the ultrahqating bonds, 
which^^is evidently in progress at about 700° C., goes 
on so slowly that it needed 64 minutes to complete the 
undoing and remove the effects of ultraheating. We 
could hardly have a better example, for these three 
curves demonstrate all the essential facts. Cool the 
steel quickly, and the major bond survives intact at 
room temperature for waint of time to come undone 
while the temperature was traversing the breaking-up 
region. But if there is enough time within that region 
for the complete breaking up of the ultraheating bonds. 
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the whole of the solvent iron will be released from 
bondage. Since the breaking-up region is just below 
the temperature zone of the magnetic change in normal 
steel, the release of non-magnetic iron from , either of 
the ultraheating bonds is, of course, followed immediately 
by its reversion to the magnetic or Alpha form. 

It is clear that whatever heat treatment it may be 
convenient to use for the purpose, the actual curing 
of the ultraheated steel will take place only while the 
temperature is within the region where the ultraheating 
bonds break up. Assuming that a piece of ultraheated 
steel has already cooled down to room temperature, 
the minor bond will have been overcome. To break 
the major bond, the steel may first be heated to some 
temperature above the breaking-up region (taking care 
not to approach the ultraheating boundary) and then 
immediately allowed to cool down through the breaking- 
up region. This method is illustrated by curves C and D 
in .Fig. 42. The ultraheated steel having been heated 
to 936® C. and then cooled down to room temperature, 
the curves show that about 10 per cent of the solvent 
iron was released from the major bond during the 
passage through the breaking-up region, which extends 
from 760 down to about 600® C. Heating the steel 
to so high a temperature as 900° C. is, however, quite 
unnecessary. It would have answered the purpose 
equally well to raise the temperature to the upper 
boundary of the breaking-up region (about 760° C. in 
the case of tungsten magnet steel)^ and then to allow 
the steel to cool down slowly. 

The severing of bonds, the magnetic change and the 
consequent passage of carbide from solution to crystal, 
involves the liberation of'’a good deal of energy as heat, 
and unless this heat is removed the temperature of the 
steel rises and the whole process stops. To keep the 
process going, therefore, it is necessary that the tem¬ 
perature of the walls of the furnace should be somewhat 
lower than the temperature of the steel, a condition 
which involves a falling temperature. With but little 
difEerence of temperature between steel and furnace 
wall the whole process of change goes on extremely 
slowly, but there is ample time for the complete 
breaking-up of the ultraheating bonds before the tem¬ 
perature of the steel falls below the breaking-up region. 
This was the condition under which curve G in Fig. 44 
was obtained, and the very slow cooling resulted in 
the release of 13 per cent of the solvent iron from the 
major bond. If the steel had been fully ultraheated 
there would have been rather more than 16 per cent 
of solvent iron caught in the major bond, and a good 
deal more tim^ would have been needed to release it. 
On the other hand, if a greater temperature difEerence 


is established between the steel and the furnace wall 
in order to accelerate the process of change, the tem¬ 
perature of the steel falls more quickly and may pass 
below the breaking-up region before the breaking up of 
the major bond has been completed. This was the 
state of things when curve D in Fig. 42 was obtained,, 
and the cooling, which went on at the rate of about 
26 degrees a minute resulted in the release of only 
10 per cent of the solvent iron from the major bond. 
These two examples make it clear that the quantity 
of solvent iron released from the major bond, as the 
temperature of the steel falls through the breaking-up 
region, is largely governed by the cooling speed. 

The most generally convenient way of curing ultra¬ 
heated steel is to heat it to some temperature just 
above the breaking-up region and then let it cool down 
through that region at the rate of about 16 degrees a 
minute. At this speed about 12 per cent of solvent 
iron will be released from the major bond, and to efiEect 
the complete cure of fully ultraheated tungsten magnet 
steel a repetition of the temperature cycle would be 
necessary. The only practicable alternative to treat¬ 
ment by two heat cycles is to reduce the cooling speed 
to such an extent that an hour or more is occupied 
in lowering the temperature from 760 to 600° C. 

Ultraheated cobalt magnet steel has yet to be 
investigated. Judging from a few scattered observa¬ 
tions made in the course of other work, ultrs^eating 
has a much greater effect on cobalt steel than it has 
on tungsten steel. With two solvents, iron and cobalt, 
mutually soluble in each other, and at least three kinds 
of solute molecule, including a chromium carbide, it 
seems probable that more than two kinds of bond 
would be brought into existence by ultraheating. One 
of them is likely to prove troublesome, for long before 
tlie discovery of cobalt magnet steel there was reason 
to suspect that the presence of chromium in steel creates 
an ultraheating bond of an extremely persistent kind. 

So far as the curing of ultraheated tungsten magnet 
steel is concerned we are now out of the wood. Since 
the phenomena of ultraheating are only to be found in 
steels which, in addition to carbon, contain tungsten 
or some element of similar character, it is obvious 
that under certain conditions solute molecules which 
contain foreign ^elements of that kind acquire the 
power of holding .irdn molecules in the non-magnetic 
state. But although it is possible to identify certain 
t 3 ^es of solute molecule endowed with the power of 
holding non-magnetic iron molecules in some kind of 
bondage, the nature of the force exerted, and how it is 
brought into action by ultraheating are shrouded in 
mystery. 


Discussion before The Institution, 19 March, 1926. 


Mr. LI. B. Atkinson; The present paper is .a con- 
tinuation of a previous paper in wliich the author dealt 
with two questions, different but, of course, connected. 
He dealt with the theory of permanent magnetism and 
he dealt up to a point with the practical construction 
of magnets, that is to say, the predetermination of a 
magnet for a given task. In that paper he took steel. 


shall we say, in the abstract—steel as he found it—^and 
showed us how with that and its properties, for which 
he gave a theory, we could predetermine the magnets 
by methods which he then laid down. The present 
paper carries us forward a further stage. The author 
gives a theory not only of the source of the magnetization 
of steel, but als^of all the various defects and faults 
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which are found in magnet steel. In the previous paper directive. I think that the author is on much safer 
tlie author put forward his theory of permanent magnets, ground in the earlier part of his paper when he points 
At that time we were looking on magnetism as some- out that these allotropic changes are ecpivalent to the 
thing produced in iron by a coil giving a magnetomotive production of new elements. If we imagine, for instance, 
force acting on a medium which had a reluctance or that at a temperature of about 800° C. iron turns into 
permeance varying with the flux it was carrying, and copper we do not need to say to ourselves that the 
so a flux was produced. It was the image of an electro- copper has this sudden change of the orbits so that 
motive force acting on a resistance which itself depended they, are going to turn into an unstable position. It 
on the current being carried. The author took us away appears to me that if tliis latter were the explanation, 
from that idea altogether to tlie idea that the exciting then the temperature at which the change, takes place 
coil was only, as it were, a trigger which set off, by could be varied by the strength of the magnetic field 
orienting the molecules, something else which was in which the whole iron was placed. We know that in 
inherent in the iron. Every molecule had a fixed the gaseous state—and, after all, most of what we know 
magnetomotive force which acted always on a medium— about electron orbits is when they are in the gaseous 
the ethex—of a constant permeance. That was a state— the electrons revolve in a variety of orbits. We 
revolution in thought. It was one, to me at least, not know also that when they change those orbits they 
easy at the moment to accept, and I took exception to do not do it gradually but with a sudden jump from 
one oir two points. An argument which I raised was one orbit to another. Whether that happens in the 
the question of the orientation of these molecules, solid state or not I do not know, but it does appear to 
having in view the fact, as it appeared to me, that this me that some such change of a very sudden nature is 
permanency or constancy of magnetomotive force was better able to account for this change which takes 
impossible in view of the fact that unless an electro- place comparatively suddenly at a temperature of about 
motive force is applied to a circuit of perfect conductivity 760° C. These questions, as the author points out, will 
(wliich we may assume the electron orbit to be) the presently be resolved. Such theories are useful as a 
electro-ldnetic momentum, that is the flux, through guide to further experiment. They do not affect the 
that orbit will remain constant. In the author's reply fact that the author has now placed in our hands a 
he admitted that there is not absolute constancy of the complete knowledge of tlae permanent magnet as an 
.magnetomotive force, yet pointed out that with electromagnetic entity. 

reasonable dimensions of the electron orbit and the Mr. E. A. Watson: The author refers throughout 
distances of the molecules, the detectable difference is the paper to the carbide being in solution in tlie Alpha 

so small, running into one part in many millions, that iron, although in one paragraph he states that it is the 

for all practical purposes, and for all theoretical purposes pattern of a solution wliich counts. I cannot c^uite 

with which we are concerned, there is that constant agree with him that the carbide is really in solution, 

magnetomotive force. No one, I think, can doubt that It is in a very similar position, and it is rather diflicult 

this paper, with the preceding one, has made the ground to say really when the carbide is in solution and when 

perfectly plain as to the procedure necessary to make it is not. A very rough and crude analogy would be 

carbon, tungsten and cobalt magnets with certainty, to consider a vast crowd of people into wliich a com- 

No one, X think, can doubt after studymg this paper paratively small number of strangers of another 

that the Ampdre-Weber conception of the molecule and nationality are introduced. In the beginning the 

the Ewing explanation of the magnetization of iron crowd has a sort of friendly feeling for the strangers 
are in broad principle correct. That the permanency and gathers them into its midst. Each little group of 
of the magnetic state is due to variform spacing of the the crowd takes a stranger and makes friends with him. 
molecules is at least a reasonable hypothesis, though I Then, all of a sudden, war is declared and each little 

think there are other possible ones. The author suggests gi’oup ejects its stranger from it, but it takes some 

that the alteration of iron from the Alpha to the Beta time for the strangers to gather together to form their 
state takes place by the iron molecule being composed own little groups. I look upon hardened steel as being 
of two atoms, tliat is, containing two electronic orbits, a crowd in which the strangers have been ejected from 
which normally and in a stable condition are lying the groups and have not crystallized to form their own 
parallel to one another. He suggests that by some group. Although the difference between the author's 

means those two orbits ai’e oriented so that they face conception and my own is really a very small one, it 

one another. The electrons are then revolving in has its importance. If the carbides are really in solution, 

opposite directions and annul one another so far as and the liardened steel is heated so as to give a chance 
any magnetomotive force is concerned. He points out for the recrystallization of the carbide molecules, there 
that under those conditions those two electronic orbits should .surely he a heat emission corresponding to that 
are not in a stable position. The^ must be put there absorbed when the carbide goes into solution. I have 
by something and held there by something; and he made one or two experiments on these lines, on cobalt 
suggests that that something is the kinetic pressure steel, and so fax have been unable to trace any sign 
arising from those movements of the iron particles of the heat emission, though I admit the experiments 
which we call heat, and the kinetic pressure arising were only rough ones, and the effect, particularly if 
from what we call solution pressure. I And it very spread over a wide range of temperature, may have 
difficult to form any sort of mental image of how an been overlooked. Possibly the author may be able to 
orientation which is a directive proces| can be brought throw more light on this subject. After all, it is not a 
about by kinetic pressures which are essentially non- very important point and is chiefly a distinction in 
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words only. We are all agreed that the carbide is in 
practically molecnlar subdivision in the steel. Another 
point on which I must disagree with the author is on 
the question of chrome steel, which he dismisses rather 
briefly. In fact he refers to the cliromium as helping 
to retain Gamma iron in hardened steel, and as diminish¬ 
ing the magnetism in the finished magnet. I will grant 
that chrome steels are not quite as good as tungsten 
steels, but I do not think that there is very much 
difference between the two. It is natural that the 
author, being a master in the art of tungsten steels, 
possibly might not give credit to the others, but it is 
certainly signiflcaiit that chrome steel should be used 
so largely in other countries. In the United States one 
hardly ever sees the tungsten steel magnet; all the 
magnets are of chrome steel, and the figures given to 
me last summer in the United States by a good many 
users of chrome steel magnets showed that they were 
getting energy values very little inferior to those 
obtained with tungsten steel magnets in this country, 
and certainly the remanence values were very little less 
than the figures given by the author. At the same 
time chrome steels are considerably cheaper than 
tungsten steels, and I believe it is true that on a basis 
of cost only the chrome steel magnets show an advan¬ 
tage. Further, the chrome steel magnet is said to give 
less trouble in hardening than the tungsten steel magnet, 
although on this point I have no first-hand experience. 
It is, I think, a significant fact that the Ford Company 
should employ chrome steel magnets in the flywheel 
generator fitted to the Ford car. I believe it is true 
that the choice of materials on this car is invariably 
made with great care, with a view to the maximum 
ultimate economy and efficiency. But if the author 
has not done justice to the chrome steels, I am afraid 
he must be said to have failed to make a fair statement 
of the case of the cobalt steels. Unfortunately, he 
does not give the composition of the cobalt steel (which 
he quotes in Table 9) as giving a value of 30 300 ergs 
per cm® of steel, but the value of 30 300 is by no means 
the best that can be obtained. With a 36 pOr cent 
alloy, values of = 1 000 000, or say ^ = 40 000, 

are by no means uncommon, and I think that any 
maker would guarantee 800 000, or e = 32 000, for this 
steel. The author quotes a price of 7s. 6d. per lb. for 
this steel. Whilst this price is frequently asked, it is 
really by no means one that is comparable with the 
other prices given. If we assume that the basis material 
cost of the steel, without the cobalt, is 16d. per lb., 
and the cobalt itself costs 10s. per lb. (the present 
price in larg^i quantities), we obtain a price of 
0-66 X 15 + 0-36 X 120 .= 9-76 -f 42, or 4s. 3fd. per 
lb. I am not, of course, suggesting that the author 
can buy 36 per cent cobalt steel at this figure, as the 
steelmaker must allow something on the cobalt which 
he handles, but I am quite sure that 7s. 6d. is an unduly 
high figure to take. Further, the 35 per cent steel is 
not, in general, the most economical composition, i.e. it 
does not give the maximum value of for a 

given cost, so that a still better comparison might be 
made, if necessary. Another point which has apparently 
been overlooked, is that the cobalt steel magnet, being 
smaller in dimensions and containing less material, is 


cheaper to handle and to harden than the more bulky 
tungsten steel magnets which perform the same function. 
I quite agree with the author that in the general case, 
where a given magnetic flux has to be provided, and 
where no limitations of space are imposed, the cobalt 
steel magnet is not the most economical way of pro¬ 
viding the flux, but I do not agree that there is the 
disparity he suggests. Perhaps one of the most 
important and novel points raised in the paper is the 
decay of potency in the hardened magnet. It is well 
known to magnet makers that there is a considerable 
falling off during the first day after hardening. It is 
also a well-known fact to the ordinary magnet maker 
that the remanence of the steel rises very considerably 
during the first day after hardening. The author makes 
no reference to any increase in the remanence, and 
again my own experience on cobalt steels is that the 
increase in remanence during the first day or so balances 
the decrease in tlie coercive force, and the result is 
that the value of (BH)yn^x. ‘i‘emains constant, or even 
rises. A question that arises in this connection is 
whether this decay in potency may not depend on 
the type of molecule which gives the potency to the 
steel; in other words, will the decay in potency be the 
same when a comparatively slow-moving molecule is 
employed as when a very mobile molecule is employed ? 
I am thinking now of a comparison between an air¬ 
hardening steel and the ordinary water-hardeniqg steel. 
The author's figures are for water-hardening steels, and 
as a matter of interest I have taken some figures on. an 
air-hardening steel. Of course, this ageing effect 
occupies a series of years, so to get comparable results 
1 boiled a magnet in water and took a comparison of 
the ageing in boiling whaler for the air-hardening steel 
as compared with the ageing given in the paper for the 
water-hardening steel, and 1 found that whereas in the 
author’s case the tungsten steel lost about 5j- per cent 
of its potency in seven hours' boiling, the air-hardening 
steel lost only 3 J per cent in 48 hours, which seems to 
indicate that possibly the nature of the potency-giving 
molecule may have quite an appreciable efleet upon the 
decay in potency. I think I might say that if it were 
for one clearly proved statement sdone • the paper 
deserves a place in posterity, and that is the proof 
that Beta iron is^ot the cause of hardness of a properly 
hardened steel. metallurgists, who should know 

better, have made this statement—let us hope that 
hereafter it will be made no more. 

{Communicated) : The author's explanation of the 
spoiling of tungsten steel would appear to be a very 
reasonable one. In the case of cobalt steels there is 
little doubt that a similar condition of affairs holds, 
particularly in view of the tendenc}?- of cobalt to pro¬ 
mote the separation of graphite, but it would appear 
possible that there is another cause of the spoiling of 
steel, and that is in tlie tendency of the carbides to 
coalesce during annealing. Certainly spoiling can occur 
in cobalt steels through annealing at comparatively low 
temperatures, and this spoiling can be remedied by 
heating the steel to a comparatively high temperature. 
The temperature, however, is considerably less than 
that corresponding to tlie formation of Delta iron. A 
temperature of 1 C. seems to be quite effective, and 
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unless in these cobalt steels the Gamma-Delta trans¬ 
formation occurs at a lower temperature than, in a 
carbon steel, the explanation given by the author does 
not hold. Much more research work is really required, 
however, before it is safe to dogmatize as to what does, 
or does not, happen in a steel of this nature. The 
author's reference to cobalt as a counteracting agent 
for the effect of chromium in reducing the amount of 
Alpha iron, strikes me as a little strange. True cobalt 
does simulate the effect of an increased proportion of 
Alpha iron, but that is really another stor 3 ^ We have 
all heard of the cobalt-iron compound corresponding 
to the formula Fe 2 Co, which has a saturation density 
some 15 per cent greater than that of pure iron, and 
we should naturally expect that, other things being 
equal, the substitution of iron by cobalt would raise 
both saturation density and remanence, or, as the 
author would put it, would increase the average 
magnetomotive force of the current rings. This hardly 
seems to be quite the same as counteracting the inlluence 
of chromium. In fact the properties of a series of 
steels with constant chromium and increasing cobalt 
furnish no such evidence and show no increase in the 
apparent proportion of Alpha iron, which could not be 
accounted for by the presence of Fe-^Co. Right through 
the paper there appears to run tlie tacit assumption 
that in a properly hardened tungsten steel magnet 
which ]jas not been ultraheated the whole of the iron 
(apart from that combined with the carbon as FcgC) is 
in the Alpha or magnetizable form. It is a very simple 
conception and one which makes the structure of a 
properly hardened magnet extremely simple, but I 
think that experimentai evidence casts a little doubt 
on this, for if we take the composition of tungsten 
steel given in Table 11 and, after making allowance for 
that portion of the iron associated with the carbide as 
FegC, calculate the theoretical value of the saturation 
density, we obtain a figure of 18 900 (talcing pure Alpha 
iron as 21 600), a value which I think I am safe in saying 
is never attained nor even closely approached by a 
liardened tungsten steel of this composition. In fact, 
if we use the so-called reluctivity relation to calculate 
the value of the saturation density from the BE 
curve, we usually obtain a value of between 13 000 and 
14 000 only, as the saturation density of the iron 
associated with the cajJiidft flnolecules. It would, in 
fact, appear possi?Wi(S^ that every permanent magnet 
contains, in addition to the Alpha iron properly asso¬ 
ciated with the carbide and, forming the magnetic 
structure, a certain amount both of unassociated Alpha 
iron and also of iron iu the non-magnetic condition. 
As to whether such a state of affairs is purely accidental 
and due to defect in treatment or material, or whether 
it is a natural necessity, I think it is impossible to say 
at the present juncture. 

Sir Herbert Jackson: One welcomes any work 
which thows light upon the nature of magnetism and 
which shows what increased uses there are for the 
phenomena of magnetism. In the course of some in¬ 
vestigations into the properties of certain suspension 
parts of galvanometers it has come to this—^that in the 
desire to know what is giving permanent magnetism to 
certain parts we should like to find out the condition 


of the iron. Modern methods of chemistry are very 
subtle, But we came definitely to a point when it was 
impossible to throw any further light on the subject 
by chemical study. After prolonged survey, in dealing 
with permanent magnetism in these materials, it seemed 
quite clear—^and I need not labour this point—^that 
magnetism had carried us a long way further in deter¬ 
mining the possibility of whether iron exists in the 
form of ferroso ferric oxide or in the form of steel. 
That, I think I may say with certainty, would be entirely 
outside anything that could be hoped for from work 
done on a chemical basis. The actual quantities dealt 
with were almost so small as to be beyond our powers 
to deal with, but they were in materials from which 
they could not be separated without destroying the 
materials and changing their character. 

Mr. J. F. Kayser: I do not agree with many of 
the metallurgical statements made by the author. In 
the first place I think that he has not paid sufficient 
attention to the line of research opened up by Mr. 
Watson. The author in referring to the microscope 
practically says that it will not magnify enough—^that 
in order to get any indication of magnetic properties by 
what one may call visual observation, one must be able 
to see atoms. I tliink, however, that that is not the 
case. The steels or .the alloys of which magnets are 
made consist of a conglomeration of crystals and inter- 
metallic compounds, and the forms of those crystals 
depend upon the arrangement of the molecules in tlie 
lattice structure. By observing the ty^e of crystal and 
its behaviour we can form a very good indication of 
what is happening within the molecule itself. I think 
it would be far better not to go to the ultra-microscope 
or to X-rays, but to examine the stefel under, say, 8 or 
10 diameters. A good tungsten magnet steel if observed 
at a magnification of 8 000 diameters shows very little 
indeed, but if it is etched to show the macro-structure 
a very great deal can be learned. The author states 
that Alpha iron maintains in solution naturally—^that is 
without being heated to a high temperature and then 
rapidly'cooled—^approximately 0*24 percent of carbon. 
I suggest that the figure should be 0*024. It is 
quite possible to see the carbon existing in a steel 
containing 0*1 per cent of carbon in tlie form of FegC. 
To pass now to the more magnetic side of the question, 
let us take the spoiling of steel. In the first place it is 
most difficult to roll the more expensive varieties of 
steel without hovering for a very long time in the 
danger zone, and that is one of the reasons why we 
must spoil steel. Soiue of us do know how to recover 
it, but when we suggest the recovery process electrical 
engineers are up in arms. It is now three years since 
I suggested a triple heat treatment for magnet steels, 
and that treatment has been followed to a very great 
extent upon cobalt steels. In that treatment the steel 
is first given high coercive force antecedents by being 
heated to a temperature somewhat higher than 1160° C. 
That produces an ultraheated condition, which must 
be removed by a low-temperature treatment in the 
vicinity of 760° C, ’ After those two treatments 
the normal hardening is carried on. My experience 
with cast magnets does not quite coincide with that of 
the author. During the last month I have probably 
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cast something like half a million magnets, and small 
magnets confirm absolutely what he says. 'The re- 
manence is quite high and the coercive force is in fact 
higher than that of a similar composition of forged 
material; but, with larger magnets which maintain 
something like 80 000 lines a very great falling off in 
remanehce is noticed. 

(Communicated ); I am afraid that, in his endeavours 
to air the metallurgical aspect of permanent magnets, 
the author has based explanations of carefully observed 
magnetic results upon many erroneous statements to 
such an extent as to detract very greatly from his 
theories. Referring to the rate of the passage of solid 
molecules from solution to crystal, he states that, even 
when red-hot, the process, in the case of solid steel, is 
found to occupy several minutes. Such is not the case. 
At the change point iron carbide (FegC) falls from 
solution exceeding rapidly—^in fact, according to mo&t 
observers, instantaneously—when once the temperature 
and rate of fall of temperature are favourable for its 
separation. Later in the paper the author's use of the 
word " alloy " is very vague and indefinite. Referring 
to the nickel-iron series on page 747, he states ** and 
from this it was clear that the metals formed an alloy.” 
It is well known that nickel and iron form an infinite 
number of alloys with one another. Whilst his explana¬ 
tion of the spoiling effect of soaking fits a few of the 
theoretical deductions which he has quoted, it never¬ 
theless does not fit in with the facts shown by microscopic 
analysis, and if he examines a series of spoiled and 
unspoiled magnet steels I think he will finally agree 
that soaking brings about a visible association of free 
carbides into, comparatively speaking, large globules, 
which do not go into solution when the steel is subse¬ 
quently hardened at a temperature sufl&ciently low to 
retain the greater part of the material in what the author 
would probably call the non-ultraheated condition. 
My experiments tend to show that the temperattire 
necessary to restore spoiled tungsten magnet steel is 
considerably lower than that stated by the author, and 
I have obtained complete recovery at between If'150® C. 
and 1 200® C. This high-temperature recovery process 
leaves the steel in the ifitraheated condition, a fact 
which the author does not seem to have observed. In 
order to remove that condition it is necessary to adopt 
an intermediate treatment before carrying out the final 
hardening. On behalf of a considerable number of 
Shefheld steel manufacturers I can assure the author 
that th6 manufacture of permanent magnets, and of the 
steel from which they are made, does not proceed on 
mediaeval lines^ Whilst the bulk of the best-quality 
magnet steel made in this country is manufactured by 
means of th§ crucible steel process, a very large tonnage 
is also manufactured in electric furnaces. Melting large 
quantities in one furnace often leads, however, to the 
very defect against which the author levels most of his 
complaints, i.e. spoiling. This is brought about by the 
fact that it is extremely difficult to cast large masses 
of steel into small ingots, and when large ingots are 
produced they must necessarily be maintained at a 
temperature within the danger zone for a much longer 
period than smaller ingots. The figures given-in Table 9 
are very misleading. A 35 per cent cobalt steel gives 


a maxinium available energy considerably in excess of 
the figure of 30 300 ergs per cm® given by the author, 
and for the past three years it has been procurable in 
unlimited quantities at a price of about 70d. per lb., 
i.e. more than 20 per cent cheaper tlian the figure given 
in the paper. It is difficult to discuss the results given 
under Section (16), ” The Gradual Decay of Hardened 
Steel,” in so far as they relate to cobalt steel magnets, 
as tlie composition of the cobalt steel is not given and, 
from the demagnetization loops given in Fig. 23,1 venture 
to suggest that either tlie cobalt steel referred to was 
of an unusual composition or was not treated to give 
the highest possible maximum available energy. During 
the past six years several hundreds of thousands of 
magnets have been manufactured under my control, 
and every one has been tested before leaving the works. 
Whenever possible, the value of (BH).ffiax. bas been deter¬ 
mined, whilst, in other cases, the flux on open circuit 
has been checked. On looking tlirough my figures I 
find that in every case the maximum available energy 
increases considerably during the first 24 hours after 
hardening; the coercive force, it is true, falls off some¬ 
what, but the remanence, on the other hand, frequently 
increases by 300 to 600 lines per cm.® I have also a 
series of round straight-bar magnets, wliich are kept in 
the laboratory for tlie use of unskilled testers who test 
current products, and some three years ago I was very 
much troubled by being unable to bring up ^ large 
batch of magnets to the figures maintained by the 
standards, but found that during the first 24 hours 
after hardening there was a very considerable increase, 
and that after a few weelts they were well up to the 
figures given by the original standards. In both this 
and his previous paper the author has avoided any 
reference to the serious demagnetization brought about 
by stroldng a permanent magnet with a piece of soft 
iron. It is interesting to note that whilst after stroldng 
a magnet on one side and in one direction for, say, 
20 times a state of equilibrium is brought about, the 
same magnet c^ be further reduced by stroldng it on 
another side. Another interesting fact is that the de¬ 
magnetization due to stroking can be very largely 
eliminated by having a sufficiently thick layer of paint 
on the magnet, thus preventing absolute contact between 
the magnet and^the soft iron. I should be very glad 
to know whether the autlior has any information in his 
possession enabling him to give a niaJgneto-mathematical 
explanation of this phenomenon. 

Mr. A. Brookes : I am not in agreement with the 
author's statement that microscopical examination is of 
little use. Admittedly, in a hardened magnet steel, the 
higher the magnetic characteristics the more homo¬ 
geneous the structure, i.e. the less to be seen, but this of 
itself may be a useful guide. The value of the microscope 
is, however, in the examination of the steel prior to 
working up into magnets and heat-treatmg; that is, in 
the bar form as received from the suppliers. The 
microscopical examination in this stage does not appear 
to have been seriously studied by the author or by other 
investigators. From my investigations into the question 
of carbon tungsten steel, which the author's work has 
confirmed, the^great secret lies in the perfection of 
solution. In my opinion, speaking from the industrial 
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research standpoint of the user of magnet steel, the study- 
may be restricted to a considerable extent to that of the 
steel prior to hardening. The best heat treatment, a 
close estimation of which can be determined from the 
chemical and metallurgical analyses, is then determined 
experimentally to give tlie best magnetic character¬ 
istics. Until better light is thrown on to the state in the 
hardened condition, microscopic investigation may be 
left to the pure research of the metallurgist. A closer 
study of the theories of solution should provide a definite 
clue to magnetic properties. The question of the 
spoiling of magnet steel during the rolling process is an 
extremely important one. A spoiled magnet steel can 
readily be detected in the unhardened condition and the 
degree of spoiling can be determined to an extent that, 
knowing the general characteristics of the steel with 
which one is dealing, the drop in coercive force in the 
heat-treated condition can be estimated fairly closely 
from microscopical examination. A really good un¬ 
spoiled tungsten magnet steel shows a uniform structure 
resembling a badly formed pearlite. Spoiling causes 
coalesced white areas to appear, and these do not go 
into solution completely on heating to the hardening 
temperature. These areas axe easily distinguishable at 
800—1000 magnifications and are, I have presumed, a 
double carbide of iron and tungsten. Whatever they 
are, tliey appear to be the reason for the magnetic 
spoiling of the steel. It is hardly feasible that they can 
be free carbon, which the author suggests is tlie cause of 
the spoiling of magnet steel. There is no sign of these 
areas in the unetched condition, and the compound does 
not appear to lie along the grain boundaries. The 
author considers that the presence of both carbide of 
iron and carbide of tungsten increases the potency of the 
solution. Whilst believing this statement to be correct, 
the suggestion that the double carbide FcgCWC causes 
this increase in potency is, I think, quite erroneous. In 
fact, as previously stated, I believe that -the formation 
of the double carbide is the reason of the spoliation of 
tungsten magnet steel. The white areas previously 
referred to are the important points in determining to 
what extent a steel is spoiled. That they contain carbon 
is shown by the decalescence point, which increases with 
a badly spoiled steel from a normal 780"^ C. to say 810® C., 
these temperatures depending, of cqurse, upon the 
composition of the steel. In the high-temperature 
recovery process the white areas are dissolved and do 
not reappear on cooling, provided that the time of 
passing through the danger zone is reasonably short, 
such as would be given by drawing the steel from the 
furnace and allowing it to cool in the air. Two explana¬ 
tions have been advanced regarding the condition of 
the carbon and tungsten in magnet steels. That by 
the author is that they are present as FcgC and WC. 
Dr. Swinden suggested FCgC and iron tungstide. In 
support of his conclusion the author submits the coercive- 
force carbon-content curve of Fig. 9 that indicates a 
change in rise at 0*39 per cent C. This corresponds to 
the calculated percentage of carbon (6 percent) necessary 
to combine with the amount of tungsten present. This 
particular curve is an important feature of the paper 
and is worthy of close consideration. From the infiexion 
of the curve between carbon contents 0*39 per cent and 


0*7 per cent several important statements are derived 
later. Tn my opinion such statements, whether *in 
themselves correct or not, are based on a fallacy. T 
contend that the inflexion in the curve is not correct, 
and tests over a number of years on steel from many 
diflerent suppliers and of varying carbon content with 
approximately 6 per cent W give results which follow a 
smooth curve throughout from 0*36 per cent C upwards. 
A 0 • 65 per cent C, 6 per cent W magnet steel giving in the 
hardened condition a coercive force of less than 60 would 
unquestionably be considered as faulty steel. The 
figure should be approximately 60 as an average. In 
assuming that the change in the curve is accounted for 
by the additional potency due to the Fe^C which is said 
to appear at this point, the author automatically suggests 
that previous to this point all the carbon is present as 
WC. The question of the carbide formations as derived 
from Fig. 9 requires much further investigation before 
such a basis can be accepted as authoritative. Following 
on the above the attempt to determine -the degree of 
spoiling from the curve (Fig. 9) breaks down. I 
should certainly regard results in the neighbourhood of 
the inflexion as being due to spoiled steel or to faulty 
hardening. The explanation given of the abnormally 
high quenching temperature is also of interest in this 
connection. It is said that the carbides are all in solution 
at 790® C., and this is generally admitted to be correct. 
In any case the decalescence point is not appreciably 
altered from that of plain carbon steel. Therefore WC 
must be practically the same in dissolving temperature 
and eflect on decalescence as FeC. The author explains 
that the necessity for an extra 60 to 70 degs. C. over a 
decalescence quench is to ensure soaking and hardness 
throughout. According to his theory all the potency¬ 
giving elements are in solution at 790® C., so that no 
advantage should be gained as regards improving the 
solution by raising the temperature beyond this point, 
or say beyond 800® C. It is well known, however, that 
it is necessary to raise the quencliing temperature by 
60-60 degs. C. above the decalescence point of the steel. 
The statement that -the undisciplined mind demands 
this ample margin is, I think, an incorrect diagnosis. A 
very thin specimen giving little heat capacity, even 
under careful laboratory heat-treatment conditions, 
cannot be successfully hardened from 800® C., even with 
a time of soaking up to 20 minutes, if care be taken 
that this temperature is not exceeded at any time. 
Magnet steels are contrasted wi-th tool steels, which are 
said to be hardened only on the outside edge. With tool 
steels of similar section to the magnet steels we generally 
use, -they are certainly hard throughout. With large tools 
a softer core no doubt exists. Assuming that part of the 
tungsten is present as iron tungstide, 1 would ofler this 
explanation: At 790® C. the iron carbide goes into 
solution completely, but the iron tungstide is not properly 
dissolved until a temperature of approximately 840® C. 
is reached. In this connection Fig. 33 may lead to 
confusion, unless it is fully appreciated that such quench¬ 
ing results are only given after the pre-heating treatment 
to 900® C. stated, or say a temperature above 840® C. 
There is no connection between the curves of Figs. 9 
^d 33, and the latter does not substantiate the theory 
in connection with the former. On the theory previously 
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mentioned regarding the formation of FeW and its 
sdintion at 840® C., Fig. 33 simply shows that such a 
solution may be maintained to as low as 750® C. The 
author states on page 744 that the tungsten content in a 
0 • 72 per cent carbon steel may be varied from 5 per cent 
to 6*5 per cent without causing any material change 
in coercivity. I should like to confirm this and extend 
it over a period of carbon content from 0*66 per cent to 
0‘72. The result of such investigations as carried 
out several years ago came as a distinct surprise. With 
reference to the condemnation of chromium as a con¬ 
stituent of a tungsten-carbon magnet steel, it is essential 
in considering the effect of this element that the steel be 
in the unspoiled condition. Where the manufacturer 
has solved the problem of producing unspoiled steel, 
the benefit obtained is marked. With steels containing 
up to 0 * 6 per cent Cr with 0 • 6 C and 6 per cent tungsten, 
values of coercive force of 67, coupled with over 10 500 
remanence may be obtained. With higher percentages 
of chromium the steel is gradually transferred into the 
oil hardening class, that is austensitic structure com¬ 
mences to be produced by water quench, with consequent 
degradation of magnetic properties. Other advantages 
are also given by the addition of chromium, which, 
however, are not dealt with by the author. At the same 
time the addition of chromium is not advisable in the 
hands of many steel manufacturers, as it is a trap for 
the unwary and a case where a little knowledge may be 
dangerous. I do not agree with the statement on page 
770 that ** it is unpracticable to forge or even to bend a 
piece of rolled magnet steel without heating it to a 
temperature within the danger zone.*' Magnet steel 
should never be heated beyond 760® C. or at any rate 
800® C. during the forming processes. The question of 
decay of hardened magnet steel is extremely interesting, 
and is worthy of study. I made some investigations 
some time ago in respect to the decay of magnetic 
properties of hardened magnets when held at various 
temperatures from 100° C. to 400® C. for some hours. 
The magnets were remagnetized and ageing tests were 
carried out on them. Unfortunately the investigations 
were not completed, but they appeared to show that there 
was a. very distinct difference in the decay between mag¬ 
nets which were carried through the temperature 
treatment .in a magnetized state and those which were 
not magnetized. This point is being further investi¬ 
gated. As regards cracking when quenching between 
800® and 900® C.—^the usual range—^it might be re¬ 
marked that spoiled steel is naturally less liable to 
cracking than unspoiled. This is explained by the 
fact that all the potency-producing elements do not go 
into solution at the quenching temperature. The 
presence of^ chromium exceeding 0 • 6 per cent in an 
unspoiled water-hardened steel is. an almost certain 
somrce of cracks, particularly with complicated shapes. 
As an example, a steel of composition 0*7 per cent C., 
6 per cent W and 0 • 56 per cent Cr gave a high percentage 
of cracks with water hardening, but an interesting steel 
was one of composition 0*56 per cent C, 6 per cent W, 
and 0'65 per cent Cr, which, according to the com¬ 
position should have cracked freely, but could not be 
made to crack even with quenching in water from as 
high as 920° C. and hammering severely. The reason 


appeared to be, on investigation, that the presence of 
a proportionally large quantity of the double carbide 
reduced the sensitiveness so much that cracking did not 
occur. The author's experience that supplies of magnet 
steel are usually more or less spoiled will no doubt meet 
with general confirmation from many users of the 
material. It appears probable that makers are generally 
fa mili ar with spoiling and spoiling conditions, but in 
fairness to them it should be acknowledged that the 
problem that confronts them is difficult in practice. 
The question of unspoiled steel is the most important 
problem before the magnet steel industry to-day, and 
is one which will have to be dealt witli seriously if the 
trade is to be maintained. The trouble is principally 
in inconsistency of supplies ; it can be stated practically 
that the technical requirements are solved, and that it 
only remains for a better handling of the steel, and more 
careful supervision in the rolling mills, particularly 
during the last stages of rolling. Is the author aware 
that certain suppliers have a rolling metliod which 
gives indications of being very different from the high- 
temperature roUing that appears to be largely practised ? 
In my experience I have met with two classes of steel, 
amounting to several tons from various sources of supply. 
One class of steel, as supplied by the majority of magnet 
steel manufacturers, is usually more or less spoiled and 
the attendant evils of decarbonization and heavy scale 
are also evident. The other class usually ha&>a very 
slight blue scale, no decarbonization, and is very rarely 
even slightly spoiled. In addition, the sulphur and 
phosphorus contents, more especially the former, are 
extremely small in the latter class of steel and are 
comparable with the highest grades of tool steel in tliis 
respect. I would suggest to the magnet steel manufac¬ 
turers, therefore, that from tlie indications of hardnesses, 
magnetic tests and micro-structures tliat we have carried 
out on these steels, a serious study of the possibilities of 
low rolling temperatures witli low-sulphur steels might 
be well repaid, and a more careful supervision of the 
rolling-mill conditions carried out. It would be more 
satisfactory to prevent the evils of spoiling than to 
attempt to cure them by the high-temperature recovery 
treatment, which is rather impracticable from a user's 
point of view. The investigations above referred to 
were carried out at the research laboratories of the 
British L.M. Ericsson Manufacturing Co., Ltd., Beeston, 
Nottingham. 

Mr. A. Campbell: Tlie author, after many years 
of patient and skilful investigation, has made a most 
valuable discovery which throws a flood of light on all 
the worrying inconsistencies tha.t have so persistently 
beset all those who have made researches on magnet 
steel. He has found how good steel can be spoiled, 
and, better still, he has found how it can be cured. By 
this splendid achievement he has earned the heartiest 
thanks and congratulations of all who make , or use 
permanent magnets. 

Mr. L. E. Edwards {communicated) : The compari¬ 
sons which the author makes between certain cobalt- 
alloy magnet steels and tungsten magnet steels tend to 
give to the tungsten steels an undue proportion of merit. 
For example, frpm the results shown in Figs. 24 and 26 
the conclusion aOrived at by the author is that the 
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present rate of decay in the cobalt steel is 2 J times greater 
than that in the tungsten steel. Now the present rate 
of decay cannot reasonably be taken to include the 
decay which took place during the first 12 months after 
hardening, and if that period is excluded it is found that 
between the 12th month and the 62nd month the decay 
rate in the cobalt steel is 0*9 unit per annum, and that 
in the tungsten steel is 0»76 unit per annum. The 
percentage potency decay works out at 0-64 per cent 
per annum for the cobalt steel, and 1 • 12 per cent per 
annum for the tungsten steel, showing the cobalt steel 
in a much more favourable light than the author's 
figures would suggest. Again, in Section (27) when 
making comparisons between experimental results 
obtained by Prof. Honda on cobalt steels and his own 
experiments on tungsten steels, the autlior himself 
states that numerical comparisons are not justified. 
The percentage reduction in flux density brought about 
by vibration on a permanent bar magnet does, it is 
believed, depend partly on the ratio of its length to 
virtual diameter and partly on the coercivity of the 
magnet steel. It would be manifestly unfair to compare 
the effect of shock on two magnets, one having a ratio 
(length: virtual dia.) of 10 to 1 and the other of 40 to 1. 
The percentage fall in flux density, assuming botli mag¬ 
nets were made from exactly similar steels would be 
greater in the latter magnet than in the former. Prof. 
Honda'^ vibration tests were, it is understood, made on a 
cylindrical bar magnet 20 cm in lengtli and 0*5 cm in 
diameter, giving a so-called dimension ratio of 40 to 1. 
The author would appear to feel that the potency decay 
taking place must tend gradually to diminish in rate ; 
he is not, however, definite on this point. Judging from 
the curve given in Fig. 24 there would seem to be reason¬ 
able justification for the statement tliat the potency 
decay rate is gradually falling. To substantiate such a 
statement further the curve given in Fig, 34 may.be 
cited as evidence, it being granted that ageing by time 
and by heat are to all intents identical in their effects 
on the internal structure of the steel. There is one 
point which must be well known to the author but 
whicli has not been raised, viz. the effect of stroking " 
a permanent magnet with any magnetic substance. 
Taking any ordinary bar magnet in the magnetized 
condition it is found that vibration has an appreciable 
but a relatively small effect; whereas if the magnet be 
stroked with a piece of magnetic material there is an 
immediate and very large reduction in flux density. 
In this way, by stroking the whole of the exterior of any 
permanent magnet a very large reduction in flux density 
may be caused. It is found that the rate of loss in flux 
density caused by the stroking of a permanent magnet 
tends gradually to diminish and seems eventually to 
reach a point where stroking has no further effect. The 
author's explanation of the reasons for the demagnetizing 
effects of stroking would be instructive: 

Mr. R. C. Woods {communicated ): It would have been 
interesting had the author considered to a greater extent 
the electronic orbit theory of the magnetic atom instead 
of providing an ingenious and stimulating conception 
of the magnetic condition in a strictly limited sense, and 
to have taken more account of its signi^cance as regards 
the (at present) non-magnetic substances. Admitting 


that our range of temperatures is limited, it seems 
strange, if the theory be true, that so very few substances 
exliibit magnetic properties in a state of unstable 
molecular equilibrium and none, so far as can be seen, 
have the electronic orbits fundamentally oriented in the 
stable condition. It would appear necessary to seek 
new methods of attack in order to follow up this line of 
thought to practical ends. The author states that the 
accuracy of the magnetic tests was considerably greater 
than that attained in the analysis of steel. I have 
considered an accuracy of 1 per cent as attainable for the 
usual ballistic tests with care and precision, and 2 per 
cent as excellent for a magnetometer, and if greater 
accuracy can be obtained by means of the apparatus 
used by the author a description of the instrument or 
method adopted would be helpful to those of us who are 
striving for greater accuracy in magnetic measurement. 
Judging solely by the difficulties experienced by the 
author in linldng chemical composition accurately with 
the magnet specimen, it would appear that a short 
specimen is used, which would tend to render the observed 
values of coercive force open to much greater inaccuracies 
than if a longer specimen were employed. Has the 
autlior considered tlie production of the coercive-force 
carbon-content curve (Fig. 9) with tlie specimens 
quenched from a fixed temperature (say 60 degs. C.) 
above the decalescence point in each case. If the data 
are available, the production of such a curve would be 
well worth while, and I suggest that it would be of 
greater value in giving an indication of the available 
potency in the steel than the constant figure taken by 
the author when one considers that the decalescence 
range is approximately 100 deg. C. In this connection, 
too, within the commercial range of 6 per cent tungsten 
steel, the quench to give optimum coercive force should 
also give the maximum remanence obtainable within 
the hardening range of an unspoiled steel, thus giving 
the maximum available- energy. Unless a strictly 
comparative basis be taken for the curve in question, 
the assumptions founded on that curve are open to 
doubt,'tod from my experience I do not consider that 
such an inflexion as that given in Fig. 9 would be 
obtained. With regard to the suggestion in Section (16) 
that softening may have been, observed in carpenters' 
tools preserved over a period of 70 years and upwards, I 
have one or two tools, whose age is at least 80 years, of 
which the blades are still quite good, a Brinell test on a 
rabbet plane blade giving a hardness of 630. This has 
not, however, been in use for the past 60 years. 

Mr, S. Evershed (in reply ): The discussion, like 
the paper, has covered a wide field andJE must confine 
my reply to a few of the more salient matters, resisting 
the temptation to wander in the metallur^cal morass. 
So fax- as the generation of magnetism is concerned, 
Mr. Atkinson goes at once to the root of the matter.* 
We were all taught to believe that just as electric 
current is set going by the electromotive force of a 
battery, so magnetic flux, is generated by the magneto¬ 
motive force of an exciting coil. This idea carried with 
it the corollary that the quantity of flux depended on 
the reluctance of the flux path, in the same way that 
strength of current was governed by the resistance of 
the electric circuit. , Just as different substances 



818 


EVERSHED: PERMANENT MAGNETS IN 


differed in their electric conductivity, so different 
magnetic substances were supposed to differ in magnetic 
conductivity, or permeability as it was called. To 
Ampere, with the logical mind of the Frenchman, such 
a view would have seemed absurd and topsy-turvy. 
He only knew one kind of space and believed electric 
current to be the sole cause of magnetism in that space. 
He explained the great manifestation of magnetism 
in iron by assuming that every iron molecule embodied 
a perm anent atomic electric current. Such was Ampere's 
hypothesis and now, a hundred years after his time, 
the atomic electric current he guessed at has been 
discovered in the planetary electrons of the atom. It 
is their powerful magnetomotive force, and not the 
relatively feeble force of the exciting coil, that creates 
the enormous flux in a magnetic circuit of iron or steel. 
To this point the astonishing discoveries of J. J. 
Thomson, Rutherford and others have brought us and 
we must adapt our ideas accordingly. What magnetism 
is, no one knows. W^e can only think of it as a peculiar 
condition created in space by the motion of electricity. 
The moving electricity may be a single electron rushing 
round its orbit in an atom of hydrogen, or the 26 plane¬ 
tary electrons of the iron atom, or the current generated 
in a coil by a battery. In every case the result is 
magnetism, and the space on which the moving 
electricity acts is the one universal medium. Knowing 
this, anyone who still finds it helpful to <^o so may 
write BjH =: jj, to express the numerical ratio of the 
flux density to the extraneous force arising from the 
exciting coil. But to regard jtc as a physical property, 
the permeability of some particular substance and 
belonging to that substance in the same way that con¬ 
ductivity belongs to an electric conductor, is to remain 
blind to the discoveries of the last twenty years. 

Turning to the suggestion put forward in Section (11) 
that pressure may be the controlling factor in the 
ma^etic change, I fully share ' the difiiculty Mr. 
Atkinson has expressed in forming any rational idea of 
the mode in which pressure might act on the orbits 
of the planetary electrons. We all believe pressure to 
be kinetic in origin, but it has to be remembered that 
the kinetic theory of pressure was formulated in days 
when atoms were assumed to be something like 
diminutive billiard balls. Possibly the classic theory 
of pressure will have to be recast when the structure 
of the electronic atom has been settled. 

Watson gives us a happy simile for the state of 
things in hardened steel. But to complete picture 
the crowd of human beings must be supposed to undergo 
some kind of -feansformation as fundamental as that of 
Beta iron into Alpha iron. We must imagine a crowd 
of Frenchmen changing into Englishmen as the result 
of a change in the climate. In all essentials Mr. 
Watson's view is that of the paper, but whether the 
whole of the energy of solution is released before the 
solute molecules have moved away from their solution 
positions is rather a moot point, Mr, Watson's experi¬ 
ment of heating a piece of hardened steel and looking 
for a possible release of energy, is one of great interest. 

I can readily understand how difficult it would be to 
secure the necessary precision (there is alwa^^ a doubt 
clinging to a negative result), but the experiment 


certainly deserves to be. repeated under stringent 
conditions. 

Another matter referred to in the course of the 
discussion was the solubility of carbon in Alpha iron. 
This must not pass unnoticed, although it does not 
affect the general argument of the paper. I have 
made no experiments on solubility, and for facts outside 
my own observation I have relied on what I could 
glean from metallurgical textbooks. But, on this 
question of the solubility of carbon in iron I could not 
find anything definite to go upon. To repeat what is 
said on pages 739 and 740, information as to solubility 
is scanty and vague. References are frequent to some 
unspecified degree of solubility in Alpha iron, but the 
solubility is implied rather than stated as a matter of 
observation or measurement. To co-ordinate this 
vague information with the known coercive force of 
softened steel, I made the simplest possible assumption ; 
namety, that the solution of the carbide was the only 
source of potency that need be taken into account. 
In other words, I assumed that in softened steel any 
potency arising from carbide in the crystalline state 
would be very small and might safely be neglected. 
On this basis it appeared that about 0*26 per cent of 
carbon would be retained in solution in Alpha iron, 
a quantity in good agreement with the statements made 
by more than one metallurgical writer of eminence, as 
to the carbon content of steels that ** could ,.not be 
hardened." 

But Mr. Kaj^ser points out that it is possible to see 
the carbide in the crystalline state when the carbon 
content of the steel is so small as 0 • 1 per cent. The 
same criticism, and on the same ground, has reached 
me from anotlier metallurgical quarter, and I suppose 
that what is seen in softened steel of very low carbon 
content is the crystalline structure known to the 
metallurgist as pearlite—a visible structure which is 
formed when the carbide FcgC and the Alpha iron 
undergo crystallization simultaneously. Then again, since 
the reading of the paper a brief note has appeared in 
Nature from which I gather that Prof. Honda has quite 
recently determined the quantity of carbon soluble in 
iron (presumably Alpha iron is meant) and finds it to 
be 0 • 035 per cent *). Clearly the metallurgical evidence 
is against me, and if our mental picture of the state of 
things in softened steel is to accord witli the facts, 
the potency arising from the crystallized carbide must 
not be left out of account. That is to say, the coercive 
force of a piece of softened steel must not be attributed 
solely or even mainly to the pattern of solution, as it 
is in the paper. It must be thought of as arising from 
a more complicated pattern constituted partly by 
crystalline carbide, partly by solution. With this 
correction, the phrase surplus carbide, when it is used 
in the paper in connection with magnet steel containing 
about 0*7 per cent of carbon, must be interpreted as 
meaning more than nine-tenths of the whole amount of* 
carbon in, the steel, whereas throughout the paper the 
surplus.is assumed to be about two-thirds of the carbon 
content. 


reference is to the Science Reports 
of the Tphoku Uniyeraty, yol. 13, No. 2. How the determination was made 
I do not know I aiC writing this rq)ly several hundred miles from the 
nearest metallurgical library and cannot refer to the original Report 
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Another point of theoretical interest may be noticed. 
By means of a novel method of observation (the experi¬ 
ment is recorded in Fig. 12) I have shown that in a 
piece of tungsten steel containing 0*65 per cent of 
carbon, the time occupied by the surplus carbon in 
passing out of solution as the temperature fell from 
708® to 650® C. was' 2 minutes, as nearly as the time 
can be determined. Looldng at Fig. 12, it is clear 
that the passage from. solution to'crystal must have 
begun at or a little before the point corresponding 
with 29 minutes on the time scale, where the energy 
curve begins to turn upwards. The process cannot 
have come to an end before the completion of the 
magnetic change at minute 31, a point which marks 
the end of the transformation from Beta iron to 
Alpha iron. Hence the time occupied by the passage 
from solution to crystal was certainly not less than 
2 minutes. I see no escape from this conclusion and 
cannot accept Mr. Kayser’s statement that the transfer 
process is an all but instantaneous affair. I do not know 
on what experimental results he founds his belief. I 
have, at various times, integrated numerous inverse- 
rate cooling curves, including those of Osmond, of 
Carpenter and KeeUng and others, and in every case 
the duration of the transfer has proved to be con¬ 
siderably more than 2 minutes, often being as much as 
6 minutes or even more. The experiment recorded in 
Fig. 7 js a case in point, the duration of the passage 
from solution to crystal being at least 6-5 minutes in 
this experiment. 

Mr. Brookes dismisses the carbon-coercive-force 
curve for tungsten steel (Fig. 9) as untrustworthy, 
mainly on the ground that it is not in agreement with 
a number of coercive-force tests which he has qollected 
from various sources. Mr. Woods is also reluctant to 
accept the double curve. I have already referred on 
page 742 to the extraordinary discrepancies, in the 
figures when coercive-force values obtained by different 
observers are brought together, and it was the difficulty 
of making any sense of them that led me to investigate. 
The outcome was as contrary to my a priori notions 
as it is to the opinions of Mr. Brookes and Mr. Woods, 
but when my critics have had a little more time to 
study Section (10) and to note the precautions taken 
to ensure accuracy, I am confident tfi^t they will find 
themselves compelled, as I was, to accept the double 
curve, given in Fig. 9, as a fact. 

Mr. Edwards has fallen into an error in supposing 
that the figures, given on page 766, for the present 
rates of decay in tungsten steel and cobalt steel 
include the decay which occurred during the first year 
after hardening. My figures for the annual change, 
namely 0‘8 units and 2’0 units respectively, are based 
on the experimental data from which Fig. 21 and Fig. 22 
were prepared, and represent the rates of decay (slope 
of the decay curves) at the end of the third year, as 
nearly as they can be determined. As 1 have pointed 
out in the paper, the intervention of the seasonal 
change makes a precise statement impossible for the 
first two or three years, and it would certainly be rash, 
to base hny estimate on a decay curve like that shown 
in Fig. 24. Several more years must elapse before we | 
can obtain entirely trustworthy figured for the relative 1 


rates of decay in the two kinds of steel. In the mean¬ 
time, I naturally prefer my figures to those of Mr. 
Edwards, and I believe they are not so very far from 
the truth. I agree that decay in time and decay by 
heat must be on all fours as regards the eifect on the 
molecular pattern. In my opinion, decay in time is in 
fact decay by heat and, it that is so, nothing short of 
reducing the temperature of the hardened steel to 
absolute zero would put a stop to decay. 

Replying to Mr. Woods, I hope before long to deal 
with magnetic measurement, especially as applied to 
magnet steel, and a description of my magnetometer 
must be deferred until tlaen. I may, however, mention 
one feature which I • believe to be unique:— 
the instrument contains no magnetic material of 
any kind whatever, other, than the specimen of steel 
under test. For all work requiring accuracy test- 
pieces of ellipsoidal form are used, and the applied 
magnetic field being uniform throughout the length of 
the test-piece, coercive force is measured with great 
precision. In practice a number of readings are taken 
for each determination, and the probable error of the 
mean value is certainly nearer one part in a thousand 
than one in a hundred. In short, the error in the 
coercive-force values given in the paper is much smaller 
than the error involved in the determination of the 
carbon content of a small specimen of steel by the 
combustion process. 

The effect of stroking a permanent magnet with a 
piece of iron has been referred to by Mr. Edwards 
and also by Mr. Kayser. What the stroking does is 
to break down the orientation of a superficial layer of 
the steel. How deep the effect goes I do not know, 
but there is probably a fairly well-defined limit to the 
mischief that can be done to a magnet in this way. 
As to the explanation, we may suppose the piece of 
iron to act as a magnetic shunt to the portion of 
magnetized steel which it covers. A local flux path is 
thereby created in which the iron, becoming magnetized, 
assists in generating the magnetic flux. Where the 
flux p25sses from the magnet to the iron and from the 
iron to tlie magnet, at the ends of the piece of iron, 
it is at right angles to the direction in which the steel 
is oriented. It would therefore exert a force tending 
very effectively^ to break up the orientation of the 
molecules of iron in the magnet, close to the surface 
of the steel. By moving tlie piece of iron to and fro 
along the magnet every part of the surface of the steel 
is subjected in turn to this local demagnetizing action, 
and in the absence of a coil field the superficial layer 
of steel remains wholly or partially dem^agnetized. By 
means of a coat of paint Mr. Kayrser has shown that the 
stroking effect is greatly diminished by a small gap 
between the iron and the magnet. This Is just ■what 
the Amp^re-Weber-Ewing theory would lead us to 
expect. 

The stroking of a permanent magnet with a bit of 
iron seems at first sight to be a trivial experiment, 
but a very little reflection shows how closely it 
approaches the fundamentals of permanent magnetism. 
In the course of a long acquaintance -with permanent 
magnets, I have met with quite a number of odd 
phenomena of the kind, easily overlooked and appar- 
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rently of little importance. Perhaps their chief signifi- 
cacLce lies in the fact that they so readily fit ifito their 
right places when they are interpreted in the light of 
the theory just now referred to. 1 wonder whether it 
will be possible . to explain them when the present-day 
physicist has succeeded in destroying all the well- 
tried classical theories, without providing anything to 
take their place. 

1 come now to the important question raised in the 
discussion with regard to the economic status of magnet 
steels in which chromium is tised to impart potencj^ 
chromium carbide having a far greater power in that 
respect than the other potency-giving carbides known 
to us. Mx, Watson and Mr. Kayser take exception 
to the comparative figures given in Table 9, on the 
ground that I have underrrated cobalt magnet steel 
both by placing too little energy to its credit and by 
taking an excessive price. Mr. Watson founds his 
objection to my figures on the magnetic energy 
guaranteed by the steelmaker and on a hypothetical 
calculation of the price of cobalt steel as the buyer 
would like it to be. But I can only speak of cobalt 
steel, as I find it, and the energy value given for it in 
Table 9 is the highest figure I have so far obtained. 
It is true that much higher energy values are con¬ 
stantly claimed for cobalt steel, but I have yet to see 
these claims substantiated by properly authenticated 
demagnetization curves. Ever since the announce¬ 
ment of Prof. Honda's discovery of cobalt magnet 
steel, a sporadic shower of samples of this steel has 
descended on Acton Lane Works, and it has been a 
matter of keen interest to Mr. Finnis and myself to 
obtain the best possible result from each sample. 
When the steelmaker suppl)dng the sample has 
furnished instructions as regards heat treatment and 
hardening these have been strictly followed, but up 
to the present time not a single specimen of cobalt 
magnet steel received by my firm has fulfilled the 
claims made for it, both the coercive force and the 
available energy falling a long way short of the values 
put forward by the various steehnakers who stipplied 
the samples. For example, one of the best of the 
samples, when tested 18 hours after the hardening, 
gave the demagnetization curve reproduced in Fig. 23. 
In this curve the maximum product of co-ordinates is 
about 690 000, corresponding with e = 27 600 ergs, a 
figure lamentably short of what is claimed for good 
cobalt magnet steel. 

It is not for me to explain the great disparity 
between what is claimed for cobalt magnet steel and 
its actual perf^mance. It is the business of the seller 
to substantiate his claims. But I may point out that 
cobalt steel appears to be peculiarly liable to spoiling 
in manufacfure. Moreover, it would seem that some 
special heat treatment is needed to effect a complete 
magnetic cure of the ultraheated condition. But if 
this is so, the buyer has been left to find out these 
things for himself, no steelmaker having ever said a 
word to suggest that he was supplying magnet steel 
in a spoiled condition, nor given a hint about the 
magnetic effect of what I have called the ultraheated 
state. I do not for a moment believe that the steel¬ 
maker—^honest man—^was aware of the mischief he 


was doing. If he had been, he would surely have set 
about finding a remedy. He could not be expected 
to say anything helpful about spoiling and ultraheating 
so long as he knew nothing about them. But now, 
in view of the facts disclosed in the paper, he cannot 
help knowing. 

Some of my critics seem doubtful about the com¬ 
position of the sample of cobalt steel included in 
Table 9. Analyses were duly made of each of the 
three samples in the table and, to set any doubt at 
rest, I give them here in Table 9a. The analysis of 

Table 9a. 


Analyses of the Magnet Steels included in Table 9 
(page 771.) 


Element 

Carbon steel 

Tungsten steel 

Cobalt steel 

Iron 

98-914 

92-408 

67-815 

Cobalt 

Nil 

Nil 

31-615 

Carbon 

0-687 

0-725 

0-728 

Tungsten .. 

Nil 

6-130 

6-435 

Chromium .. 

Nil 

0-094 

2-870 

Aliens 

0-399 

0-643 

0-637 

Total .. 

100-000 

100 000 

100-000 


the cobalt steel discloses an excess of tungsten, but 
otherwise there is little to take exception to. Assuming 
the iron-cobalt alloy to be represented by FcgCo, 
we must multiply the percentage of iron by 
58-97/(56-86 X 2), in order to arrive at the correct 
percentage of cobalt. Doing the sum, it will be found 
that 67-8 per cent of iron requires 30-6 per cent of 
cobalt. This compares with 31-6 per cent found by 
analysis, and disposes of the supposition that any 
deficiency in magnetic energy arose from a deficiency 
in the content of cobalt. As stated on page 771, 
this sample of cobalt steel, when tested in the condition 
in which it was received from the steelmaker, only 
gave e = 23 80o! There was therefore good reason 
to suspect that the steel had been badly spoiled in 
course of manufacture, and in order to obtain a better 
figure a piece of the rolled bar was restored" by 
Mr, Finnis. From magnetometer test-pieces, machined 
from the central core of the rolled bar after its restora¬ 
tion, we obtained the value c = 30 300 ergs per cubic 
centimetre. This being the highest value I have 
observed in cobalt steel it was included in Table 9 as 
maldng a strictly fair comparison with the tungsten 
steel specimen, the latter also giving the best energy 
value I have so far obtained from tungsten steel. The 
prices given in ihe table are not hypothetical figures. 
They are the actual prices charged by the steelmakers 
for the particular steels, for quantities of a ton or 
more. Mr. Kayser and Mr. Watson regard these 
prices as excessive and I am sure that any buyer would 
be of their opfifion. To-day, as Mr. Kayser points 
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out, cobalt magnet steel is somewhat less expensive. 
But so is tungsten steel and, roughly speaking, the 
relative prices axe much about the same. In short, 
energy for energy, tungsten steel is still a very long 
way ahead of cobalt steel on the score of cost. Of 
course, there are various technical advantages to be 
gained by the use of cobalt steel. These are set forth 
in the paper on pages 771 and 772, and the figures 
given in Table 9 show very clearly that we cannot 
have those advantages without paying for them in a 
largely increased, cost for steel. That the information 
conveyed by the table is unpalatable I can well 
believe. But facts are stubborn things, and when 
they are contrary to our hopes they are peculiarly 
disagreeable. 

The question remains whether the best possible 
magnetic result has yet been obtained, either from 
cobalt steel or from chromium steel. In the light of 
knowledge gained in recent years, I cannot help thinking 
that very considerable improvement is possible. 
Hitherto, as I have said, steelmakers do not appear 
to have been aware of the miscliief they were doing. 
At all events they have one and all been content to 
make magnet steel without paying any attention to 
spoiling. But now that spoiled tungsten magnet steel 
and its restoration have been investigated—^incidentally 
at the sole cost of a firm entirely outside the steel- 
making^ industry—-it may be hoped that the steel¬ 
makers will embark on similar investigations of the 
spoiling that occurs in cobalt steel and also, as I believe, 
in chromium steel. The other cause of magnetic 
deficiency, ultraheating, has yet to be mastered. So 
far as tungsten magnet steel is concerned I think the 
Appendix to the paper gives all the information which 
the magnet maker needs to effect the complete curing 
of the ultraheated state. But in any steel which, like 
cobalt magnet steel, contains chromium as a potency¬ 
giving agent, the ultraheated condition appears to be 
far more persistent. So much so, that repeated heat¬ 
ings to, and coolings from, the appropriate curing 
temperature fail to restore the steel completely to the 
normal magnetic state.* In short, the curing of 
ultraheated magnet steels which contain chromium 
calls for systematic investigation, and 1 suggest that 
it is now the turn of the steelmaker^ito undertake a 
troublesome task. In my belief, research along the 
lines followed in the* Appendix would be amply rewarded. 
It would not be surprising if the result were to bring 


♦ See, for example, an illuminating experiment by Dr. Edwards, in whidi 
a specimen of tungsten chromium tool steel in the ultraheated state failed to 
return completely to the normal state (judged by the course of the inverse 
rate curve' after three heatings to 900® C. How many more heats would have 
been needed to effect a comwete cure in the magnetic sense, it is not possible 
to sa^. C. A. Edwards : “The Physico-Chemical Properties of Steel,” p. 187, 


chromium magnet steel up to the economic level of 
tungsten'steel, or even above it, and a corresponding 
improvement might well be effected in cobalt magnet 
steel. But it must be borne in mind that magnet steel 
is not a subject for rough-and-tumble experiments; 
scientific method and precision are essential, more 
particularly in the magnetic measurements. 

The foregoing paragraph must stand for my answer 
to the references made in the discussion to steels which 
contain chromium, including chromium magnet steel. 
I am acquainted with the flywheel ignition magneto 
of the Ford car and was interested to learn from Mr. 
Watson that the many magnets it cont^s are made 
of chrome steel. But this piece of evidence does not 
remove my scepticism any more than Mr, Ford*s 
“ Peace Ship'' removed the warlike atmosphere of 
Europe. Only a demagnetization curve will convince 
me, and magnetic evidence of that kind is wanting. 
The only magnetic data I have seen relating to 
chromium magnet steel showed it to be decidedly 
inferior to tungsten steel on the basis of energy and 
cost. But that was some years ago, and maybe the 
American steelmaker has improved chromium steel. 
If that is so, surely it would be a simple matter to 
produce a few trustworthy demagnetization curves ? 
They would be more convincing than any number of 
words. I have not, myself, made any experimental 
examination of chromium magnet steel. It has been 
quite enough for one experimenter to make a thorough 
examination of tungsten magnet steel. 

In conclusion, I am heartily in agreement with Mr, 
Brookes when he says that the question of spoiled 
steel is the most important problem before the magnet 
steel industry'to-day, and that it will have to be dealt 
with. The fact that magnet steel is spoiled in the 
maldng has too long remained in the dark. The truth 
was bound to emerge sooner or later, and now the cat 
has been let out of the bag. A few years ago when I 
first discovered decomposed magnet steel I had to 
invent a phrase to describe it, spoiled steel. At that 
time makers of magnet steel—^with one notable excep¬ 
tion—professed to disbelieve in the existence of spoiled 
steel. To-day we find steelmakers all willing enough. 
—^to talk about it. It is an encouraging sign. The- 
ferment is already at work, and when the buyer begins, 
to reject spoiled magnet steel, the stick will begin to* 
beat the dog and sooner or later the old woman will 
manage to get the pig over the stile. Let us hope 
that this event will take place in Sheffield, and without 
protracted delay. It would be only too easy to wait 
for unspoiled or restored magnet steel to.*be introduced 
into England as the latest improvement made by the 
foreign steelmaker. 
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THE ECONOMIC ASPECT OF THE UTILIZATION OF PERMANENT 
MAGNETS IN ELECTRICAL APPARATUS. 

By E. A. Watson, O.B.E., Associate Member. 

(Paper first received lOth Marche and in fined form 2Zrd June, 1924; read before the Scottish Centre Itk April, 1926.) 


Summary. 

The paper first describes the principal types of steels at 
present available for the production of permanent magnets, 
and gives magnetic data for typical examples. The cost of 
these steels is then considered, and figures are given for the 
actual cost of the material of the steels for which magnetic 
data have been furnished. Consideration is then given to 
the other costs involved in working and hardening the steel 
and housing the finished magnet, and a total figure is obtained 
which enables a comparison to be made of the various steels 
under different conditions. It is shown that under certeiin 
conditions the use of a cobalt steel will affect an economy 
over a tungsten or chrome steel, while under other conditions 
the reverse is the case. 

Comparison is then made between the cost of providing a 
given flux by an electromagnet and also by a permanent 
magnet, allowance being made for the value of the power 
consumed in the former case. In order to obtain these 
data an investigation is made of the most economical wind- 
ing depth of the electromagnet. The result obtained is 
applied to two typical cases, and it is shown that in small 
d.c. machinery considerable saving might be effected by the 
use of permanent fields, particularly where .Jhe cost of fuel 
is high or where the apparatus runs for long hours, and 
special applications to certain classes of service are suggested. 

Finally, some typical examples are considered of the appli¬ 
cations of permanent magnets and particularly of cobalt 
steel magnets, including magnetos, small d.c. generators, 
alternators, motor-generators, and eertain special applications. 


Table oe Contents. 

1. Introduction. 

2. Summary of properties and prices of steels now 
available. 

(a) Chrome steels. 

(b) Tungsten steels. 

(c) Cobalt-chrome series (9 to 25 per cent cobalt). 

(d) Cobalt series (35 per cent cobalt). 

3. Considerations of conditions under which a cobalt 
steel magnet may be substituted for:— 

(a) % tungsten or chrome steel magnet. 

(b) An electromagnet. 

Reasons for substitution are primarily economic, 
although the direct economic aspect is occasionally 
obscured by other conditions, e.g. difficulty in accomo¬ 
dating other designs, general appearance, or personal 
aspect. These conditions, however, are special and 
transient and may be neglected. 

Considering the economic aspect, 3 (a) resolves itself 
into a comparison of:—(i) The direct cost of magnet 


steel; (ii) the cost of working up the steel; and 
(iii) the cost of housing the magnet; while 3 (6) resolves 
itself into a comparison of:—(i) The cost of material; 
(ii) labour costs and charges; and (iii) the capitalized 
value of wasted energy. 

4. Examples of application of cobalt steel to engi¬ 
neering apparatus:— 

Magnetos. 

D 3 mamos and motors. 

Sundry special apparatus. 

1. Introduction. 

With the introduction during the last four years of 
the cobalt magnet steels the problem has arisen, first, 
as to under what conditions such steels \:an be 
economically substituted for the older tungsten and 
chrome steels, and, secondly, to what extent their 
use might be considered in electrical machinery in 
which electromagnets have previously been employed. 
The problem is in most cases purely one of economics, 
involving a consideration of the relative cost of obtaining 
a given magnetic flux with the different materials 
available; but although theoretically the problem is 
capable of simple solution the actual choice of material 
is not so easy, owing to the difficulty of accurately 
evaluating the incidental costs which are not a direct 
function of the amount of magnetic material employed. 
While, therefore, it is hoped in this paper to be able 
to indicate broadly the lines along which development 
may take place, it is not the author^s intention to 
attempt to lajr down any hard-and-fast lines of 
demarcation between the fields which are best served 
by any particular class of material. 

2. Steels Available for Permanent Magnets. 

At the present time (1924) the following materials 
are available as marketed products, and are regularly 
employed for permanent-magnet work:— 

(a) Chrome steel, containing about 2 per cent 
chromium with 1 per cent of carbon. This steel is 
largely used in America and on the Continent. Its 
development received considerable attention during 
the war in countries where tungsten was not available. 
It is an oil-hardening steel, fairly simple in heat 
treatment. 

(5) Tungsten steel ,—^This steel, which has largely 
been used in this country for magneto magnets, and 
also in the better class of magnets for instruments 
(meters, etc,), contains about 5j per cent tungsten, 
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from 0-66 to 0*8 per cent carbon, and occasionally 
about 1 per cent chromium. It can be made for either 


water- or oil-hardening. Its heat treatment requires 
some care owing to the risk of distorting and cracking, 
especially when high coercive forces are aimed at. 

(c) Low- and medium-cobalt steels. — K large number of 
steels have been made at different times with cobalt 
percentages ranging from 6 per cent upwards, but the 
majority have had only a brief commercial existence, 
and at present this class is represented by a cobalt- 
chromium series of steels. These are air-hardening 
steels, containing about 9 per cent chromium, with 
0*8 to 1 per cent carbon. A small amount of other 
alloys, such as tungsten or molybdenum, is added to 
help the air-hardening properties, and the cobalt content 

. usually ranges from 9 per cent to 20 per cent. 

The heat treatment of these steels is somewhat com¬ 
plicated, but on the other hand does not require such 
accurate temperature control as do the other steels. 
It usually consists in a preliminary heating to 1 160® C. 
in order to break up the complex carbides which are 
present in the annealed bar, and to ensure thorough 
solution of the carbides. This is generally followed by 
a quick annealing at about 760® C. to break up the 
austenite formed at the previous treatment, and tHg 
again is followed by heating to about 1 000® C. and 
•cooling in air. Considerable latitude can be given on 
the te^pperatures of the first two treatments, and a 
tolerance of ± 20 deg. C. can usually be allowed on 
the latter, but careful control of the cooling rate is 
necessary. These steels are remarkably free from 
troubles due to cracking and distortion. 

(d) High-cobalt steels {Japanese These steels 

usually contain about 36 per cent cobalt, the per- 
•centage corresponding to the alloy Fe^Co, which 
gives maximum magnetic properties. A large number 
of these have been produced employing chromium, 
tungsten, molybdenum and manganese as alloying 
agents to enhance the effect of the cobalt, although a 
plain cobalt-carbon steel with this percentage gives 
fairly good results. A very common composition con¬ 
tains from 3 to 4 per cent tungsten, 1 to 2 per cent 
•chromium and 0-8 per cent carbon, with smaH 
•quantities of manganese and 36 per cent to 36 per 
•cent cobalt. ^ 

These steels are all oil-hardening with a single treat¬ 
ment only. They give little trouble with distortion or 
•cracking, but accurate temperature control is essential, 
as a slight elevation of temperature above the absorp¬ 
tion point promotes the retention of austenite with a 
low remanence* The cooling rate is also of importance, 
and it is hence important to use an oil of the correct 
viscosity and to control its temperature. 

Magnetic properties. —It will be readily realized that 
it is a somewhat difficult matter to lay down the 
magnetic values of the various steels. Any given 
steel will, in general, even with '^e most careful heat 
treatment, give results which, tauken over a batch of 
magnets, may vary as much as 10 to 16 per cent above 
and below the average figure for the batch. The maker 
•of the steel, naturally wishing to take the most 
Sanguine view, will frequently quote a figure nearer 
to the maximum than to the average, while on the 


other h^d if a guaranteed minimum is required, the 
figure will, of course, be below the average value. * 
Representative curves for the different steels are 
given in Fig. 1, while the figures given in Table 1 are 
taken as representing the average values of 
which, after all, is the true criterion of any magnet. 


Table 1. 


Material 


Stored energy 
per cms 
of magnet 

Chrome-carbon steel .. 

230 000 

ergs 

9 200 

Tungsten steel. 

260 000 

10 400 

Cobalt-chrome, 9 per cent Co 

600 000 

19 900 

Cobalt-chrome, 12 per cent Co 

680 000 

23 000 

Cobalt-chrome, 16 per cent Co 

660 000 

26 900 

Cobalt steels, 36 per cent Co 

800 000 

31 800 
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Fig. 1.—^Magnetic data for commercial magnet steels. 

With the exception of the chrome steels the figures 
given in Table 1 represent the average values of over 
400 000 magnets of which records have been kept 
during the past few years. They probably repre¬ 
sent fairly present-day practice with these steels, but 
it is, of course, possible that improved results may be 
obtainable with shght modifications in composition or 
heat treatment. ^ 

Relative costs. —^The statement of the cost of a magnet 
steel is a more difficult problem than the equivalent 
statement of its magnetic properties, for while the 
latter is a definite function of its composition and 
heat treatment, the former depends on many other 
factors than the composition alone. Even assuming a 
definite basic price of raw materials, iron alloy, etc., 
the price of the magnet steel must depend upon other 
factors, such as the relative difficulty of melting, 
forging, cogging and finishing, and also upon the amount 
of scrap produced. Some steels are comparatively 
easy to work and give soimd ingots requiring but little 
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grinding, and little scrap. Here, again, one nuist not 
lose sight of the fact that the ordinary chrome and 
tungsten steels have been produced in large quantities 
for many years, and the technique of their manufacture 
is well understood. Further, competition between 
steel hrms has ensured that their production has been 
brought down to an economic basis, and that this 
production is attended with the minimum amount of 


scrap. 

The cobalt steels are at present produced by but. 
few firms. Their production has involved a large 
amount of experimental work, the costs of which have 
to be covered, and there is not the same certainty as 
regards the requisite allowances for waste and scrap. 
In addition, the price of metallic cobalt is at present 
a somewhat uncertain factor, as the available sources 
of supply are few in number and the possible extent 
of the world's resources is not known with great 
certainty. Moreover, the refining and distribution 
of the metal are in the hands of a small number of 
individuals. During the past three years cobalt has 
been offered at prices ranging from 10s. to 30s. 
per lb. Instead, therefore, of actually giving the 
present quoted prices of cobalt magnet steels, which 
the author feels can only be regarded as transient, 
it is proposed to take a basis price equivalent to a 
tungsten steel, and to add to this the value of the 
cobalt content estimated at the price of 12s. 6d. per lb. 
This, it is felt, may be taken as corresponding to a 
price for the metal of 10s. per lb. plus 26 per cent 
allowance for scrap, waste and handling charges. 

On this basis the prices of the various steels in 
annealed bar are taken as follows 


Pence per lb. 


Chrome-carbon steel 

.. 6 

Tungsten steel 

.. 12 

9 per cent cobalt steel 

.. 26-2 

12 per cent cobalt steel 

.. 30 

16 per cent cobalt steel 

.. 34*6 

35 per cent cobalt steel 

.. 66, 


3 (a). Comparison or Relaitive Costs of Various 
Permanent Magnet Steels. 


a given size of scale, so that no reduction in overall 
dimensions could be effected by using a smaller magnet 
of better material. On the other hand, in an ignition 
magneto for automobile work, it is the usual practice 
to make the framework of the machine and cast end- 
plates conform to the shape of the magnets, so that 
any reduction in magnet dimensions will bring about a 
reduction in the amount of gunmetal or aluminium 
employed, and, by rendering simpler construction 
possible, may reduce labour costs and charges. 

Certain applications arise, of which examples will be 
given later, where the saving possible by adopting a 
high-grade steel is out of all proportion to the cost of 
the steel itself, and in what may be termed the limiting 
case we have examples where results obtained by such 
a steel could not under any conditions be obtained in 
any other way. It is obvious, therefore, that no general 
expression can be found to take into effect the cost of 
housing the magnet itself, and the allowance for this 
must be left in every instance to be determined from 
an examination of the conditions prevailing in the case 
in question. 

The cost of the magnet may be divided roughly 
into the following:— 

(i) The cost of the steel; 

(ii) The labour and charges involved in the necessary 

work required to bring the magnet ^to the 
finished shape and dimensions ; and 

(iii) The labour and charges involved in hardening 

the magnet. 

(i) The cost of the steel has already been dealt with„ 
but it remains to express the material cost given under 
this heading in terms of the cost per magnetic unit,, 
or per erg of energy stored. In order to save working 
in very small fractions of a penny, it is proposed to 
take, as a convenient unit, the quantity 39 800 ergs, 
corresponding to a value of (flux x M.M.F.) equal to 
1000 000. This would therefore be equivalent to 
providing a flux of 1 Mloline against an M.M.F. of 
1 000, 10 Irilolines against an M.M.F. of 100, and so on., 
Taking this as a basis we obtain Table 2. 


The cost of producing a given flux by means of a 
permanent magnet is in reality the sum of two 
quantities, viz.:— 

(1) The cost of the magnet itself; and 

(2) The^cost of housing the magnet. 

The former quantity can generally be estimated fairly 
closely for any given magnet steel, but the latter is a 
far more difficult problem. It must in any case depend 
upon the class of apparatus in which the magnet is 
employed. In certain cases the dimensions of the 
apparatus as a whole wUl be determined by the 
dimensions of the magnet, so that a reduction in magnet 
dimensions may effect a large saving. In other cases 
a reduction in magnet dimensions irill enable little or 
no consequential saving to be obtained. For example, 
in a moving-coil instrument the dimensions of the case 
are generally determined by the necessity of providing 


Table 2. 


Relative Material Cost for Providing 1 Kiloline of Fluxt 
against an ikf.ikf.F. of 1 000. 


Material 

Volume 

required 

Cost per cm3 

Total 

cost 

Chrome-carbon 

cm8 

4-34 

d. 

0*106 

d. 

0*467 

Tungsten. 

3*88 

0*211 

0*820 

Cobalt-chrome (9 per cent) 

2*00 

0*442 

0*884 

Cobalt-chrome (12 per cent) 

1*73 

0*629 

0*910 

Cobalt-chrome (16 per cent) 

1*66 

0*608 

0*940 

Cobalt (35 per cent) 

1*26 

1*14 

1*420 


From the table j.t will be seen at once that, given equal 
conditions in ofher respects, we cannot expect to obtain 
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any saving in material costs by emplo 3 dng a better 
grade of steel. 

(ii) Labour and charges involved in shaping the 
magnet. —^As in the case of the cost of housing the 
magnet, it is not possible to obtain any general expres¬ 
sion for the cost of bringing the magnet to the desired 
shape. It is clear, however, that in the majority of 
cases this will not be the same for a low-grade magnet 
as for a high-grade one performing the same duty. 
In most applications it will be found that the low- 
grade steel has to be bent to a horseshoe or similar 
shape in order to accommodate the necessary magnetic 
length, while the high-grade steel can frequently take 
the form of straight bars, which are merely cut ofL 
and hardened. Consequently, much more labour and 
plant are necessary to deal with the low-grade magnet 
than with the high-grade one. Further, any bending 
operation must be done while hot and the bending 
has frequently to be followed by annealing, introducing 
fresh charges for fuel, plant upkeep, and depreciation 
and labour. Even assuming that the high-grade steel 
undergoes the same operations, the mass of steel to 


the hgmes given in Table 2 for the cost of material 
only gives us Table 3, ^ 

It be noticed from Table 3 that while for magnets 
of simple shape the low-grade chrome steel still shows 
to advantage compared with all the others, for more 
complicated shapes the cobalt-chromium steels show a 
decided advantage, while under practically all conditions 
the tungsten steels show up badly as compared with both 
their lower- and higher-grade rivals. The high-cobalt 
steel is, however, at a disadvantage under all conditions. 

(iii) Cost of hardening. —^Although the cost of this 
item lends itself to more exact computation than the 
foregoing, this also is a quantity which may vary 
between wide limits. Not only will it depend upon the 
cost of fuel, whether coke, town gas, producer gas or 
electricity, but it will also depend—^as far as the labour 
in hardening is concerned—^upon the relative intricacy 
of the magnet. For example, a long, bent magnet of 
complicated shape will require quenching in special 
clamps. This operation must be done carefully, one 
magnet at a time, by a relatively skilled operator. 
On the other hand, straight magnets of an air-hardening 


Table 3. 


Relative Costs of Material plus Labour and Charges up to Point of Hardening. 


!> 

Material 

Volume 

Material 

cost 

Labour + charges at, per lb. 

Total at, per lb. 

3d. 

6d. 

Is. 

3d. 

6d. 

Is. 


cm3 

d. 

d. 

|H9||| 

HSH 

d. 

d. 

d. 

Chrome .1 

4*34 


0*231 



0*688 


1*381 

Tungsten 

3*88 


0*205 



1-026 

1*230 

1*640 

Cobalt-chrome (9 per cent) .. 

2*00 

0*884 

0*106 

0*212 

0*424 

0*990 

1*096 

1*308 

Cobalt-chrome (12 per cent).. 

1*73 

0*910 

0*092 

0*184 

0*368 

1*002 

1*094 

1*278 

Cobalt-chrome (16 per cent)., 

1*66 

0*940 

0*082 

0*164 

0*327 

1*022 

1*104 

1*268 

Cobalt (36 per cent) .. 

1*26 

1*420 

0*066 

0*132 

0*264 

1*486 

1*662 

1*684 


be handled is greater, so that more heat units are 
involved in its treatment and greater furnace capacity 
is necessary, while incidental charges, such as transport, 
are higher for the low-grade steel. Further, if grinding 
operations are necessary upon the magnet, the area to 
be ground and the amount of metal which has to be 
removed are almost certain to be considerably greater 
in the case of the low-grade material. 

All things considered, we shall probably not go fax 
wrong in making the assumption that the labour costs 
involved are directly proportional to the weight of the 
magnet. In the case where a bent low-grade magnet 
compares with a straight high-grade one this assump¬ 
tion will probably favour the former. In the case 
where both magnets are of the same general shape 
the high-grade one will be favoured, so that here again 
our conclusions must be modified in the light of any 
particular case which is under consideration. In order 
to embrace different classes of magnets of varying 
degrees of complication, three different series of labour 
costs have been chosen, viz. 3d., 6d,, and Is. per lb. 
of magnet, corresponding to 0*053, Q*j^06, and 0*212d. 
per cm^ of magnetic volume. This, combined with 


cobalt^hrome steel may be handled by comparatively 
unskilled labour without the use of any cooling jigs 
or clamps, and can be withdrawn from the furnace 
just as quickly as it is possible to pick them up with 
the tongs. There is no doubt, in fact, that for really 
large production of magnets of this class a travelling 
conveyer could be employed, and the human element 
almost entirely dispensed with. On the other hand 
the cobalt-chrome steels, as at present employed, 
require in general a triple heat treatment, so that 
both the costs of heating and of lab<»>ur are greater 
than for steel with a single treatment only. 

The author’s experience is that the funjace capacity 
and -labohr required for treating a steel of this class 
is approximately double that necessary for the same 
weight of a single-treatment direct-hardening steel. 
It is believed that, taking the one extreme with labour, 
fuel, and overhead charges cut down to their minimum, 
and with a well-designed plant working at its maximum 
efidency, the heat treatment might be carried out at 
an indusive figure Ciabour, fuel and charges) of 2d. 
per lb. for single-treatment steels and 4d. per lb. for 
triple-treatment steels. The same figure has been 
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assumed for single-treatment chrome and tungsten 
ste^s as for high-cobalt steels, it being assumed that 
the extra labour involved in quenching the chrome or 
tungsten steel magnet of horseshoe or other complicated 
shape is balanced by the fact that the cobalt steel 
must be heated to a higher temperature, viz. 950® C. 
as against 850® C., and that its heat absorption is 
greater, necessitating the supply of more heat units 
to complete the solution of the carbides. With small 
outputs, less e£6.cient plant and expensive fuel, there 
is no doubt that the figures given of 2d. and 4d. per 
lb. might be exceeded and the hardening costs easily 
run up as high as 6d. and Is. respectively. 

Taking these values and adding them to those of 
Table 3 we obtain the figures given in Table 4. 

Conclusions to be drawn from a study of Table 4.— 

(1) In no case does the tungsten steel magnet show 
up to advantage, either as compared with the chrome 
steel on the one hand, or the cobalt-chrome series on 


will require modification, so as to take the cost of 
housing into account. In meters and measuring instru¬ 
ments we have already seen that it is very problema¬ 
tical whether any reduction in the cost of housing can 
be obtained, while in magnetos and small generators, 
in which the magnets are closely embraced by a non¬ 
magnetic structure of brass or aluminium, some saving 
may be looked for. 

Leaving on one side any question of saving due to 
simplification in design, there are probably but few 
cases in which the saving in structural material, conse¬ 
quent upon a change from chrome steel to cobetlt steel 
(to talce an extreme case) would exceed 30 per cent of 
the weight of the magnet itself estimated as brass, or 
20 per cent when estimated as aluminium. This at 
the usual market prices at present ruling would corre¬ 
spond to an addition of some 4d. to 5d. per lb. to the 
net material cost of the clirome steel magnet, and 
would raise all the figures in the top line of Table 4 


Table 4. 


Total Works Cost of producing Magnets to give a Value of Flux x M.M.F. = 1 000 000. 


Material 

Hardening 

cost 

Total cost 

Hardening 

cost 

Total cost 

A 

B 

c 

A 

B 

C 

Good hardening 


Bad hardening 

r 


d. 

d. 

d. 

d. 

HHH 


d. 

d. 

Chrome 


0-841 

1-072 

1-434 



1-378 

1-840 

Tungsten 


1-161 

1-366 

1-776 


1-433 

1-638 

2-048 

Cobalt-chrome 9 (per cent) 

0-141 

1-131 

1-237 

1-449 

0-423 

1-413 

1-519 

1-731 

Cobalt-chrome (12 per cent) 

0-122 

1-124 

1-216 

1-400 

0-366 

1-368 

1-460 

1-644 

Cobalt-chrome (15 per cent) 

0-109 

1-131 

1-213 

1-377 

0-327 

1-349 

1-431 

1-595 

Cobalt (35 per cent) 

0-044 

1-530 

1-596 

1-728 

0-132 

1-618 

1-684 

1-816 


Note.— The headings A, B, C to the columns indicate values of ''labour charges*' as given in Table 3 of 3d., 6d. 

and Is, per lb. respectively. ' 


the other, although it does in certain cases c'ompare 
favourably with the high-cobalt steel. 

(2) The chrome steel magnet is the cheapest when 
the shapes are simple, and the labour and hardening 
costs are low, but is more expensive than the cobalt- 
chrome series when the magnets are at all intricate in 
shape, or when hardening costs are high. 

(3) In no case does the 36 per cent cobalt steel show 
any advantage over the cobalt-chrome series. Except 
for very special work, where maximum results must 
be obtained irrespective of cost, the use of this steel 
does not appear to be economically justifiable. 

(4) There« is little difference between the various 
grades of the cobalt-chrome series, except where the 
hardening and labour costs are excessively heavy. In 
this qase the steel with the highest percentage of cobalt 
shows a saving in cost. 

Effect of cost of housing magnet —^As we have already 
indicated, it is not possible to obtain a formula which 
will make allowance for the cost of housing the magnet, 
and any given case must be worked out on its merits. 
It is, however, possible to see in a general sort of way 
to what extent the costs obtained for the magnet itself 


by approximately 0»3d,, wloile those for the tungsten 
steel magnet would be raised by a slightly smaller 
amount. If this allowance be made for the saving in 
cost of housing, it will be seen that under practically 
all conditions the cobalt-chrome series compares favour¬ 
ably with the chrome steel and is distinctly economical 
as compared with tungsten steel, and it would seem 
that there should be a strong inducement to make 
use of steels of this series in many of the present appli¬ 
cations of permanent magnets, and particularly so in 
the case of magnetos for internal-combustion engines 
where a saving in weight or dimensions is always looked 
on with favour by the user. 

On the other hand it must be pointed out that the 
prices we have assumed for the cobalt steels are lower 
than those at which these can be obtained at the 
present time. This discrepancy in price is probably 
due to the following factors, among others 

(1) Increased difficulty in working of the high- 
chromium alloys, which retain their rigidity up 
to higb temperatures and are consequently 
difficult lo forge. 
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(2) Greater loss in metal in grinding and tr immin g 

operations. 

(3) The natural desire of suppliers to recoup the 

cost of their original development work within 
the shortest possible time. 

(4) Lack of complete data as to causes of scrap and 

possible scrap percentage which may occur. 

(5) The comparatively small quantities in which the 

alloys are made at the present time, with the 
liigh attendant costs for fuel, labour and 
overhead charges. 

(6) Uncertainty as to stability of prices of metallic 

cobalt. 

As regards items (1) and (2), it is to be hoped that 
extended experience in manufacture will lead to the 
discovery of means of overcoming the high attendant 
costs under these headings, or possibly that research 
may lead to the discovery of an alloy with easier 
working properties and yet giving the same magnetic 
results. Item (3) is merely a temporary factor which 
will gradually decrease with extended use of the material 
and increased competition, wliile item (4) also will 
doubtless decrease as extended experience in the tech¬ 
nique of manufacture becomes available. Item (6) is, 
of course, dependent upon the other factors and cannot 
be attacked directly, but reductions under this heading 
may imdoubtedly be looked for, in so far as the use 
of the steel becomes more extensive. Item (6) is 
probably one of the most important factors operating, 
and is the one to which particular attention should 
be paid. The production of cobalt has in the past 
been secondary to that of silver, cobalt being a by-pro¬ 
duct from the silver ores of certain districts of Ontario. 
Latterly, however, cobalt deposits have been dis¬ 
covered in other parts of the world, notably in 
Australia, and it would appear that, given the certaiaty 
of an extended application of the metal, its develop¬ 
ment might be increased to a very considerable extent. 
It is not intended to deal in this paper with the produc¬ 
tion of the metal nor with the extent of supplies avail¬ 
able, as it is felt that the best means of drawing 
attentipn to the possibility of the commercial exploita¬ 
tion of these is to define the conditions under wliich 
an extended use of the metal would* be economically 
justifiable. 

In particular it is desired to point out the disastrous 
results which would follow an artificial inflation in 
price such as occurred in 1920-21 when the price of the 
metal was forced up to 30s. per lb. Such a step would 
render absolutely hopeless any attempt to use it on a 
commercial scale as a constituent of magnet steel. 

3 (&). Comparison with Electromagnet. 

The simplest consideration of any ordinary applica¬ 
tion of an electromagnet will show at once that the 
M.M.F. per cm length of the wound portion of the 
magnetic circuit is so much higher than is possible 
with tungsten or chrome steel that the substitution 
of such a magnet for the electromagnet could only be 
made possible by a pronounced alteration in general 
design. In the case of cobalt steels,' however, which 


can be worked normally at values of H ranging from 
120 to 160 or higher, the length of cobalt stbel 
required to replace a wound core is generally of tlie same 
order of magnitude, and the substitution can often be 
made without such drastic structural alterations as 
would otherwise be necessary. The problem then 
becomes one wliich is capable of mathematical treat¬ 
ment, although it is not, of course, possible to obtain 
any general formula, applicable to any case of an 
electromagnetic system, which will tell us immediately 
whether or not a saving can be attained by the substi¬ 
tution of permanent magnets. Every system must, 
for really accurate results, be examined on its own 
merits. It is possible, however, from a general con¬ 
sideration to arrive at conclusions which may give 
some idea as to whether a given problem is worth 
more detailed investigation or whether the suggested 
alteration can be immediately dismissed as unlikely 
to be of economic value. 

In comparing the permanent magnet with the electro¬ 
magnet, we have on the one hand to consider the cost 
of the steel and of its working and hardening, on the 
basis already outlined under the first section of this 
paper. On the other hand we have to take into account 
the following factors :— 

(1) Cost of iron core. 

(2) Cost of insulation. 

(3) Cost of winding. 

(4) The necessary labour and overhead charges on 

the foregoing three items. 

(5) The capitalized value of the energy wasted in the 

magnetizing coil. 

(6) Any accessory apparatus which can be dispensed 

with when a permanent magnet is employed. 

This latter item is not amenable to general calculation, 
as it depends entirely upon the specific purpose to 
which the magnet is to be applied. In some special 
cases this factor may be the predominating one, e.g. in 
a smaSl alternator the use of a permanent field may 
save the expense of a separate exciter, while in a 
dynamo it might enable a field regulator and a certain 
amount of wiring to be dispensed with. Again, in the 
case of a motor the direction of rotation of which had 
to be reversible from a distance, the use of the per¬ 
manent field would effect a considerable saving of 
copper in cables, etc. 

Let us, however, leave out item (6) as applying to 
special cases only, and consider only the economic 
aspect of direct substitution of a piece ,^f permanently 
magnetized cobalt steel for one of soft iron surrounded 
by its necessary winding. 

Imagine a circular magnet of length 1 m to supply 
flux to an external circuit of constant magnetic 
reluctance. Let a be the radius of the magnet, and 
h that of tlie outside of the magnetizing winding, and 
neglect for the moment the insulation round the core, 
so that a is also the internal radius of the magnetizing 
winding. Consider the winding as consisting of one 
turn per cm only, and let p denote the specific 
resistance after making due allowance for the space 
factor of the* copper and insulation. 
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Then, considering a section of the magnet 1 cm long, 
we have:— 

Area of cross-section of winding = 5 — a 

Mean length of turn = 7r(b + a) 
b ct> 

Resistance = tto- - 

^b -- a 

If X be the current flowing, watts = l^R 

— a 
47r 

and M.M.F, per cm length of magnet = —J. 

If the latter quantity be fixed, / also becomes fixed, 
and we have:— 

b a 

Watts lost per cm = Constant x -■ 

This quantity, infinite when 6 = a, tends to a lower 
limit as 6 is increased indefinitely, but it never 
vanishes. Hence, no matter how much winding may 
be put on, a certain waste of energy is inevitable. 
The lower limit when b is large is:— 

Watts per cm length = Tri^p. 

This quantity does not contain the dimensions of the 
magnet involved, hence in the case of an electro¬ 
magnet it requires no more energy in the limiting case 
to provide the magnetizing force in a large magnet than 
in a small one. So that, as far as energy consumption 
is considered, the magnetic system is clearly more likely 
to offer possibilities for the use ^ cobalt steel when 
the system is of small dimensions. 

The value of 47rl/10 for the electromagnet depends 
only upon I, the current passing, and is limited in 
general by conditions of heating, apart from economical 
considerations. 

Determination of value of I'necessary to make electro¬ 
magnets equivalent to permanent magnets, —^For the two 
magnets to be equivalent the values of M.M.F. available 
outside the magnet must be equ^. In the case of a 
properly designed permanent magnet this is equal to the 
value of H at the point of multiplied by the 

length of the magnet. As a basis of comparison let 
us take the 16 per cent cobalt-chrome steel, the pro¬ 
perties of which are given in Table 1. This steel has 
a {BE)fiiax. oi ,660 000, occurring approximately at 
if = — 130, the corresponding value of B being 6 000. 
Since a value o6 H oi 130 corresponds to I 130/1*267 
= 104, we obtain for the minimum value of watts per 
cm length ^ 

TT X 1042 X p = 3*4p X 10^ 

The value of p will vary from 1*67 X lO'^® for cold 
copper, with unity space factor, up to as much as 10"® 
for fine windings. We may take the usual range as 
being from 4*6 X 10"® for heavy windings to 9 X 10"® 
for ordinary d.c.c, wire in fairly small gauges. The 
watts per cm length then range between 0* 16 and 0*30. 

This comparison, it should be noted, is favourable 
to the electromagnet, as it presupposes the whole of 


the M.M.F. to be available externally. Actually this is 
not so, as a certain proportion will be necessary to 
overcome the reluctance of the iron itself. If the 
flux density is fairly low, say B not greater than 
10 000, the error will only be of the order of 10 per 
cent, increasing the value of the loss by this amount 
in the case of the electromagnet. 

The minimum loss figure is not, however, the value 
•which can be usually taken, as it holds only for a 
winding of infinite depth. If we take a value of 
b =5 2a, which represents the maximum winding depth 
usually employed, the loss figure will be increased in 
the ratio of 3 to 1. 

The most economical winding depth is a matter 
which requires considering in the light of the cost of 
the material and of the power wasted. The volume of 
copper per cm length is 

7T(b -f- a)(6 — a) = 7T(b^ — a^) 
and its value is 

PcTT{b^ — a2) 


where p^, the cost per cm® of copper -f insulation 
•f labour cost and charges, varies from about 0*126d. 
for heavy wires to 1 • 5d. for fine wires of the order of 
40 S.W.G. 

The energy loss is, as we have seen. 


rrl^p 


h + a 
6 — a 


The capitalized value of the energy loss will be 


p — a 


where p is the rate of interest allowed on capital cost, 
n ~ (number of hours worked per annum -r 1 000) 
and h — cost of power per kWh. 

The total capitalized cost is given by the expression 

/J .2 ov , lOOnfc + a 
p ' 0 — a 

We may write this as 

Capital cost == -- 

where 

a.d 

^ P a ppo 

Writing bja as r, the capital cost may be written :— 

Capital cost = a^a2(r2 -- 1) + jgLlLiJ 

Differentiating with respect to r and equating to zero 
gives us :— 

and solving this Equation by trial for various assumed 
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values of j8/a^ we obtain the relation between r and 
which is plotted in Fig. 2. 

Using this curve in conjunction with the formula 
ior capital cost, we can write down at once the cost of 
an electromagnet the equivalent of the 16 per cent 
•cobalt steel, and one which gives the minimum total 
capital cost for the different values of the various 
quantities concerned. Owing, however, to the large 
number of independent variables involved in the cost 
of the electromagnet, a slightly different method of 
comparison has been adopted in order to simplify 
the graphical work involved. 

Consider the cost of the cobalt steel magnet itself. 
We have seen that the density in the magnet is 6 000 
at the point of whereas that in the soft iron 

is 10 000. The section of the cobalt steel must there¬ 
fore be equal to twice that of the electromagnet, or, 
as an alternative, we may take it as the same section 
kut reckon the price per cm® as doubled. 

Turning now' to Table 4, we see that for a 16 per 
•cent cobalt steel the total cost for a value of 
area of 1 000 000 varies between 1 • 131d. and 1 • 696d. As 
the shape of the magnet is probably fairly simple we may 


In order to avoid drawing a series of curves for different 
values of j8, the right-hand side of the equation ^has 
been evaluated and plotted in Fig. 3 against the cor¬ 
responding value of a/'v/jS. The points of intersection 
of this curve with the horizontal lines corresponding 
to the value of l*6.14/p<; give the transition points. 
For values of a/\/j8 less than these the cobalt steel 
magnet is the cheaper, while for values greater than 
these the electromagnet has the advantage. Since 
the term a occurs in tlie form of the fraction we 

see at once that the area of the core at which a change¬ 
over is jus'Med varies directly as j8. The flux therefore 
varies directly as j8 also. 

Clearly then the following features all tend to favour 
the case of the permanent magnet:— 

(1) High cost of copper, 

(2) Small size of core, i.e. small working flux. 

(3) High value of jS, which in turn may be due to :— 

{a) Long worldng hours (high value of n), 

(6) High cost of power (high value of Tc), 

(c) Bad space factor (high value of p ). 

(d) Lowrate of interest on capital(low value of p). 



Fig. 2.—Relation of external to internal diameter for various coils of the economical dimensions. 


be justified in adopting a value somewhat below the mean 
of these two. Let us therefore adopt the figure of 1 • 26d. 

Referring to Table 2 we see that the volume of the 
magnet is 1’66 cm®, so that the price becomes 
1-25/1 *56 = 0*807d. per cm®. Doubling this to allow 
for the difference in density we obtain :— 

Cost of permanent magnet per cm® = 1 • 614d. 


The actual cost of the cobalt steel magnet per cm 
length may therefore be written down as 

l-6147ra® 

while that of the electromagnet is, as we have seen, 


TrpJ^a^i^ — 1 ) + 

These are equal when 

1 • 6147ra® = 7rpcj^a®(r® — 1) + 


or when 


1-614 


r® - 1 + 



The fact that pc occurs in the denominator of the 
quantity j8 will to some extent balance its effect under 
(1) above, but as we are concerned -with the quantity 
its effect will thus be only of secondary importance. 
The appearance of pc in the ^ term is, of course, due 
to the adjustment which has been made in order to 
give minimum cost for any given set of conditions, 
and while this adjustment makes the increase in cost 
due to rise in value of pc the least possible, it can never 
completely offset it. 

Examples ,—^In order to make dear the application 
of the' foregoing formula let us now apply the results 
obtained to some actual cases, and endeavour to see 
where the transition points occur in practice. 

(1) Let us take first the case of a small, fairly high- 
voltage, fan motor, or high-voltage generator running 
for long periods, say 7 000 hours per annum, and using 
power at a relatively high price of, say, 8d. per unit. 

Let us take the copper space factor of the field coil 
as 25 per cent, giving p = 7 X 10""® approximately. 

Take p as 5 per cent, and take the price of copper 


Pc 
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+ insulatioii + charges on winding as 10s. per lb.; 

Pc = 0-6. 

This gives us for j8 the value 

100 X 7 X 8 X 1042 X 7 X 10“« 


Fig. 3 shows that the corresponding transition point 
corresponds to a value of al^/^ =1*8. Consequently 
a = 1-8 X ^^140 = 21*3 cm and the corresponding 
flux would at .B = 10 000 be equal to 14 megalines. 
This is quite a large amount of flux, much larger in 
fact than corresponds to the small fan motor which 
we assumed for this example, and would seem to show 
that for special conditions such as have been chosen, 
with high energy cost and long working hours, permanent 
fields might with advantage be employed on quite 
large machines* 

(2) As an opposite extreme let us consider the case 



of a piece of apparatus for a fairly low voltage and 
wound with rdatively thick wire. Assume also that 
the number of hours worked per annum is less, say 
2 000, and that power is available at the low rate of 
Id. per unit. Take the copper space factor as 40 per 
cent, and the cost of winding at Is. 6d. per lb 
Then, 

p = 4*25 X 10~® and pc =s 0*136d, per cm® 

Taking p as before at 6 per cent we obtain :— 

o _ 100 X 2 X 104® X 4*26 X 10-® 

* K A. 1 QE’ ~ 13*6 


The point of intersection of the curves on Fig. 2 gives 
= 0 • 69, so that a = 2 • 17 cm and the corresponding 
flux at B = 10 000 will be 148 Idlolines. Even this 
amount of flux is considerably more than the working 
flux of the average small fan, or industrial motor, so 
that it would seem that under practically all conditions 
the use of permanent fields for such machines is 
economically justifiable. 

The two foregoing examples will serve to show that 
even in ordinary small engineering work the use of 
permanent fields in place of wound ones deserves 
serious consideration on economic grounds alone, 
although it will be granted that if first cost alone is 
to be considered and no allowance made for the 
capitalized value of the lost energy it is but rarely that 
the permanent field will show to advantage. 

A little consideration will show, too, that in many 
cases the conditions are much more favourable to the 
permanent field than in the examples we have chosen. 
Particularly is this the case where the energy is sup¬ 
plied from primary batteries or small accumulators 
which only show a low overall efficiency. Examples 
of these would be portable motor-generators, etc., for 
wireless work, signalling apparatus, etc., while it would 
seem that for small petrol generating sets the use of a 
permanent-field generator might be economically sound. 
With such a set the fuel cost may easily run as liigh 
as 3d. or 4d. per unit, and when to this is added the 
cost of lubricating oil, etc., it can easily be seen that 
the transition point will correspond to a generator of 
some considerable size and that, particularly in the 
class of a lighting set which runs for long periods and 
is used with a floating battery of small capacity, the 
permanent-field machine is worthy of serious con¬ 
sideration. Moreover, the permanent-field machine 
has the important advantage that its characteristics 
do not alter as the field winding heats up, so that it ‘ 
is a comparatively simple matter to arrange for the 
governor to give a constant voltage under all conditions. 

4. Examples of Applications of Cobalt Steel. 

The following examples have been chosen among a 
number which are available as typical cases of applica¬ 
tions which have^now been worked out on a commercial 
scale. 

Magnetos ,—Cobalt steel magnets as applied to 
magnetos fall under two headings;— 

(i) Applications made without important change of 

design and on economic grounds only. 

(ii) Applications involving radical alterations in 

design or making designs possible which could 
not successfully be carried out any other way. 

(i) An example of the first of these is given in Fig. 4, 
which gives sectional views of three magnetos of the 
same performance, the one employing tungsten steel 
magnets, and the other two cobalt steel magnets. 
The actual data for the machines are given in Table 6. 

A considerable saving in cost was obtained at the 
time the change-over was made, but at the present 
time, owing to Jhe fact that labour costs have dropped 
more than steel'prices, the magnet prices themselves 


6 X 0*135 
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aie slightly higher for the cobalt steel machine. This 
is, however, oifset by the saving in other directions 
which the simpler and more symmetrical design makes 
possible, although the difference is only small and 
would not at the present time justify any firm in 
changing over from tungsten to cobalt steel. 


developijient of this type of machine has therefore 
been rendered possible by the introduction of colJalt 
steel, although here again the high cost of the material 
is against the commercial development of this t 3 ^e of 
magneto for ordinary service. 

Fig. 5 gives a sectional drawing of a machine of the 



Cobalt steel 


^lagnet 
Iron pole-piece 



A 
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Fig. 4.—Sections of alternative designs of magnetos with tungsten and cobalt steel magnets. 


The ordinary magneto, in fact, offers a very good 
example of a case where a reduction in the price of 
cobalt steel by about 25 per cent would open up a 
greatly extended field of use. 


revolving-tnagnet type, designed to give the same 
electrical performance as the machines illustrated in 
Fig. 4. Owing, however, to- the limitations of space 
imposed on the magnet, a 36 per cent cobalt steel 


Table 5. 



Machine C (cobalt steel) 

Machine A (tungsten steel) 

Machine B (cobalt steel) 

Magnet section .. 

2 X 66 X 7 = 7-7 cm® 

70 X 10 mm » 7 cm^ 

2 X 36 X 11 = 7-7 cm® 

Magnet length .. 

7-8 cm 

24 cm 

7*6 cm 

Magnet volume 

60*0 cm^ 

167 cm® 

68*0 cm® 

Material of magnet 

15 per cent cobalt steel 

Tungsten steel 

16 per cent cobalt steel 

{BH)pj^ . 

6^0 000 

240 000 

660 000 

{BB[)p,ax. X volume 

39 X 10« 

40 X 10® 

38 X 10® 

H at {BH)inaic. point , . 

125 

40 

126 

Available M.M.F. 

970 

1040 

940 

B at (BH)tnax. point .. 

6 200 

6 000 

6 200 

Flux at (J?H)^^a.point.. 

40 kilolines 

42 kilolines 

40 kiloHnes 

- 


, (ii) Under the second category come a number of 
novel types of magneto, generally of the revolving- 
magnet t 3 pe, which have been developed since the 
advent of cobalt steel. The revolving-magnet type of 
machine has undoubtedly certain great advantages, 
particularly as regards mechanical robustness and for 
aeroplane work, or in cases where the drive is harsh 
and irregular. A revolving magnet of tungsten steel 
is, however, very heavy and difficult to accommodate, 
and its large moment of inertia introduces severe 
stresses in the shaft and driving gedr. The practical 


was adopted, the data of the magnj^t being as 
follows 


Total section .. 
Length .. 

X volume 

Available flux at (BE) 
Available M.M.F. 


.. 7 cm^ 

..6cm 
,. 900 000 

.. 37*8 X10« 

iftax point 39 * 6 kilolines 
.. ‘ .. 960 


The adoption of the figure of 900 OOO for {BH)^^ 
against the figure of 800 000 quoted in the paper 
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requires some explanation. It has been adopted for 
tvfo reasons:— 

(1) The magnets are comparatively small in section 
and it is found that small sections usually give higher 
figures than larger ones. 

(2) These magnets are subjected to a triple heat 
treatment similar to that already described, which 


work. A reduction in cost of material would doubtless 
result in a very extended application to this class of 
work. 

Further useful extensions of these small machines 
which maybe expected in the future are to small electric 
lighting sets on the one hand, and to generators for 
tachometers on the other. A particular instance of 
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Fig. 6.— ^Revolving-magnet machine (cobalt steel) designed for same performance as machine illustrated in Fig, 4. 


has the effect of slightly increasing the value of 
6ven of a 35 per cent steel. Such treatment, 
while not possibly economically justifiable in the 
ordinary case, is of value when it is important to get 
the magnet into the least possible compass. 

Small generators ,—^Generators employing permanent 


the lighting generator which might repay careful study 
would be in connection with wind motors for battery 
charging on farms, in country houses, etc. Such a 
generator, having no field losses, could be made to 
commence to charge at a very low wind speed, and 
the average efi&ciency over periods of varying wind 


laminated 
soft iroR, pole slices 



A -- 

' Section on BB Section on AA 

Fig. a— Sectional views of small motor-generator with permanent fields. Working fiux = 45 kiloUncs (approx.). 


magrifets have for a long time been employed for such 
classes of services as bell-ringing, shot-firing, insulation¬ 
testing ^ sets, etc., but not as a rule for the steady 
generation of any considerable amount of power. 
Since the introduction of cobalt steel several firms 
have successfully produced small permanent-magrfet 
direct-current generators for car- and cycle-lighting 


strength would be much higher than for the machine 
with a wound field. 

Used as a tachometer the small generator with 
cobalt steel magnets would possess many advantages, 
as, owing to its compactness, it can be very easily 
housed and could in, .most cases be driven direct by 
the shaft whose <speed it is required to measure, while 
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it might clearly form a useful and reliable speed indicator 
on locomotives of all descriptions. 

Motor-generators, — A, particular example where per¬ 
manent fields can be used to advantage is for small 
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Fig. 7.—Section of air-driven miner's lamp, showing multi¬ 
polar magnet of cobalt steel. 


motor-generators, particularly for wireless work. A 
number of such machines have been made for supplying 
the anode voltage for small transmitting sets, receivers 
and amplifiers. These machines take ^current at 6 or 
12 volts from an ordinary automobile battery, which 


serves also to provide the filament-heating current, 
and deliver any required voltage up to 500 on i^e 
secondary side. Owing to the use of a permanent 
field they are light and compact, and the power con¬ 
sumption is remarkably small. For example, a machine 
giving 120 volts for power-amplifier work takes only 
6 watts on the primary side when running light, and 
of this at least half is accounted for by brush friction. 
Such a machine has many advantages over the small 
high-tension battery normally employed, particularly 
when the voltage and current consumptions are high or 
where it is to be employed in hot climates. A sectional 
drawing of such a machine is given in Fig. 6. 

Alternators ,—^While the demand for small alternators 
in ordinary engineering work is not great, there are 
certain uses to which such machines are put, and in 
many cases the cobalt steel magnet will be of very 
great assistance, particularly where direct current is 
not available for excitation. Small alternators have 
been employed for wireless transmission, but at the 
present time, now that valve transmitters are practi¬ 
cally universal, this ty^e of machine is not of importance. 
They have also been employed on aeroplanes for supply¬ 
ing three-phase current to gyroscopes, and in this 
case the use of cobalt steel magnets has been found of 
great assistance in producing a light and compact 
design. Another special application which may be 
mentioned is an air-driven miner’s lamp, in which the 
use of a revolving magnet of cobalt steel, driven by a 
small air turbine, enables a powerful hght to be obtained 
with complete safety from any risk of explosion, even 
under the worst conditions. Fig. 7 gives a sectional 
drawing of one of these lamps, and illustrates clearly 
the mechanically strong and compact construction of 
the rotor. This construction would be quite impos¬ 
sible were it not for the high coercive force of cobalt 
steel, which enables the length of the magnets to be 
kept down to the minimum. 

Special apparatus ,—^There are many applications of 
cobalt steel magnets apart from the various forms of 
generators which have just been described, and it is 
not, of course, possible to enumerate them all. One 
particular application to which the material has been 
successfully employed is for polarized cut-outs serving 
to interrupt the char^g circuit of a battery should 
the dynamo stop or reverse, and there are, of course, 
many types of polarized relay in which the material 
might be utilized. Compass needles, again, afford a wide 
field for the use of steel of magnetic properties superior 
to those of tungsten or chrome steels. The cost of 
the material itself is but small, while th;^ gain in point¬ 
ing power for a magnet of given dimensions and inertia 
is very considerable. 


Conclusions. 

(1) The economy of substitution of a cobalt steel, 
permanent magnet for one of chrome or tungsten steel 
is dependent upon many factors, and any case requires 
careful examination on its meri-te. Generally speakings 
the substitution is justifiable where the shape of the 
magnet is complicated, and where much work must be 
put upon it, also in those cases where the configuration 
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of the magnet determines the shape of the apparatus 
itself, or where extreme compactness or lighf weight 
is desired. 

(2) The most economical percentage of cobalt would 
appear to be about 16 per cent, but will depend upon 
the circumstances involved, the percentage being 
higher the greater the incidental saving which can be 
effected by the substitution. The 36 per cent series, 
while giving optimum magnetic results, is not as a 
rule economically justifiable at the present price of 
cobalt. 

(3) The price of cobalt is the dominant factor in 
the situation. A stable price of less than 10s. per lb. 
would give it a wide sphere of application, while one 
of 6s. or 6s. per lb. would undoubtedly lead to the 
complete supercession of chrome and tungsten steels 
by those of the cobalt series. No widespread adoption 
can be expected unless there is a reasonable guarantee 


against exploitation of the supply of metallic cobalt, 
and reasonable prospect of the price not rising—at all 
events for some considerable period. 

(4) Given the foregoing (stability of price) it would 
appear that in many instances electromagnets might be 
advantageously substituted by cobalt steel ones, and 
that the material might be successfully employed in 
small generators and d.c. motors up to, at all events, 
something of the order of 1 or 2 kW rating. This 
substitution would not in general, however, give a 
gain in first cost, but only a reduction in losses, 
which would ultimately repay the extra outlay (if 
any). 

(6) There are a number of special developments 
which ai*e rendered possible by the properties of cobalt 
steel and which may lead to its use on a considerable 
scale, but such developments must of necessity be 
somewhat slow. 


Discussion before the Scottish Centre, at Glasgow, 7 April, 1926. 


Prof. G. W. O. Howe; It is somewhat paradoxical 
that the permanent magnet, which was the first piece 
of magnetic apparatus ever known, is the piece of 
magnetic apparatus about which least is known, and 
the most dfficult to design. The average student 
who could calculate an electromagnet without any 
difficulty would be quite nonphissed if asked to design 
a permanent magnet. Another striking fact is that 
the most common material of construction, viz. iron 
and steel, is a most complicated material, about which 
less is known than about almost any other material, 
and 1 am sure that everybody will be struck with the 
complication of the heat treatment described in the 
paper. One reads on page 823 that the steel is to be 
preliminarily heated to 1160® C. in order to break up 
the complex carbides which are present in the annealed 
bar, and to ensure thorough solution of the carbides. 
This is generally followed by a quick annealing at 
about 750° C. to break up the austenite formedffduring 
the previous treatment: the steel is then heated up 
to 1 000® C. and cooled in air. The metallurgy of steel 
is truly a very complex business. The importance of 
permanent magnets is now fully realized. Another 
thing that must stiike anyone reading the paper is 
the thorough way in which the author has gone not 
only into the scientific aspect but also into the economic 
aspect. He is certainly to be congratulated on the 
very judicial way in which he has inquired into all 
the pros and cgns; he has not unduly boosted the use 
of cobalt steel but has pointed out both its advantages 
and its disadvantages. I should like to ask him whether 
he has had any experience of the permanence of these 
magnets. It is a very important matter, especially 
when suggesting the replacement of electromagnets in 
small * motors, to know whether these cobalt steel 
magnets maintain their magnetism under all conditions. 

Mr. A. Brookes: In connection with the question 
of the use of cobalt-chrome steel for permanent 
magnets, the problem, in a nutshell, resolves itself 
into a comparison of the prices of the various avail¬ 
able steels. There are really three aspects to the 


question: (1) The quality of the steel desired; 

(2) the design of the apparatus involved; and (3) the 
comparative costs of the various conditions. In regard 
to (1), I think it might be taken in general that for 
the majority of electrical apparatus using permanent 
magnets, chrome steel, although the cheapest, is not 
of sufficiently high quahty for practical requirWents, 
whereas tungsten steel is quite satisfactory except 
for special cases. In the latter, which are few in 
comparison, the use of cobalt-chrome steel may be 
advisable independently of any other considerations ; 
and also in some* cases, such as wireless headgear 
receivers, the question of weight may force manufac¬ 
turers to use the cobalt steel magnet, even though from 
other considerations it may not be economical. In 
regard to (2), in some cases considerable economy 
might be effected, both in money and in space, by 
designing the apparatus round the shorter and probably 
straight cobalt-chrome magnet. In fact, it can almost 
be stated that, unless this is possible, there is no 
advantage whatever to be gained by changing from 
tungsten steel to cobalt-chrome steel except for the 
special cases cited above. Restricting the problem to 
the telephone industry, with which I am particularly 
interested, there is not a single piece of apparatus 
involving permanent magnets in which, in m.y opinion, it 
would be advisable to change over the existing designs 
involving tungsten magnets so as to bring in cobalt- 
chrome magnets, with the exception of tlae headgear 
receiver referred to above. This statement is only 
made after very careful investigation into the matter 
in all its various aspects, and it is an important one 
from the steel-makers* point of view because the tele¬ 
phone manufacturers are probably the heaviest buyers 
of magnet steel in the kingdom. In regard to (3), to 
expand the use of cobalt-chrome magnet steel the 
cost of such steel in bar form must be appreciably 
reduced, and unless this be done the further applica¬ 
tions of cobalt chrome will, to an appreciable extent, 
become stagnant. Cobalt-clurome steel has undoubtedly 
wonderful proptoes from a technical point of view. 
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but in practice it largely resolves itself into the higher 
coercive-force value, which enables the length of the 
magnet to be reduced to, say, one-third, but does not 
allow of any reduction in cross-sectional area. In 
fact, to give the same flux, this should be increased 
approximately in the ratio of 5 to 4 with a magnetic 
circuit of small demagneti7ing forces. If it be pre¬ 
sumed that for most electrical apparatus the tungsten 
steel permanent magnet (of correct dimensions) gives 
quite good practical results from a non-ageing stand¬ 
point, then the reduced volume is the determining 
feature as regards (2) and (3). I have had in mind 
for some time the design of apparatus utilizing revolving 
cobalt-chrome magnets and pivoted magnets under 
vibratory stresses, because a useful line is opened here. 
In many such cases the use of tungsten magnets, 
under the heavy demagnetizing or vibratory effects, 
might not give what would be considered to be a 
practical non-ageing condition. The excessive cost of 
the 36 per cent cobalt steel compared with that of 
the 15 per cent steel is to be deplored because of the 
simpler hardening treatment involved. Possibty further 
research on the lower-allo^'- steel will enable the 
hardening treatment to be simplified. Statistics when 
dealing with costs involving general conditions can be 
made to prove almost any desired point, but unless 
the author can buy to much greater advantage than 
the quotations I have had from various steel manu¬ 
facturers, I am inclined to think that the costs quoted 
in the paper for cobalt-chrome steel are considerably 
lower than would actually be given in practice, suffi¬ 
ciently so as to upset the conclusions based upon them. 
I can hardly agree with the statement that “ under 
practically all conditions the tungsten steels show up 
badly as compared with both their lower- and higher- 
grade rivals,excepting from the tables quoted. The 
costs stated for tungsten steels are, in general works 
practice, appreciably less than those Cjuoted by the 
author, and, in my opinion, the statement should read 
as a general conclusion as follows : " Under practically 
all conditions the low-grade chrome steel is not of 
sufficiently good quality, whilst the tungsten steel 
shows up appreciably to advantage over the cobalt- 
chrome steel unless the design of the apparatus can be 
sufficiently simplified by tlie adoptioii^ of tlie latter, or 
other special circumstances come into play.'‘ 

Mr. G. H. Wright: Makers of electrical apparatus 
will welcome the paper, since many cases arise where 
the ability to use a magnet of the requisite 
which will go into a small space solves difficulties of. 
construction and opens up a number of possibihties 
hitherto out of the question.. Some 15 years ago I 
was interested by a suggestion made by a colleague, 
Mr. E. S. Shoults, to replace the field magnets in a line 
of fan motors by permanent magnets. The idea was 
to eliminate troubles with fine-wire field windings in 
very humid climates and at sea. I went into the 
question of the size* and weight of the permanent 
magnet and was disappointed. With the new steels 
the question is quite a different one and distinctly 
worth consideration. Most of* us have had to deal 
•with troubles due to corrosion and humidity effects on 
fine-wire field windings which often slfow up on board 
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ship and in humid climates, particularly if the impregna¬ 
tion of these fine windings is not perfect. Such troubles 
are irritating and sometimes involve a disproportionate 
expense. What does not exist will not give trouble, 
and it may prove well in many cases to replace fine- 
wire wound field-magnets by permanent magnets. I 
am interested in the making of permanent magnets, 
my own experience being, however, limited to tungsten 
steel magnets for electrical measuring instruments. 
Some 20 years ago the firm with which 1 was associated 
decided to make its own instrument magnets, and 
owing to indifferent results with gas and similar 
furnaces we built an electrically heated salt-bath 
furnace, using the molten salt as the resister. The 
even heating of the magnets in this liquid bath, and 
•the ease of temperature control, had remarkable effects 
in producing a uniform product and reduced to an 
extremely small percentage the wastage due to dis¬ 
tortion and cracking. Moreover, a batch of magnets 
could be dealt with much more expeditiously by the salt 
bath. This bath, I believe, is still in use for the same 
purpose, and I should be interested to know if the 
author finds it useful in dealing with the new steels. 
The possibility of using straight bars with the cobalt 
steel is very attractive from both the magnet maker’s 
and the constructor’s point of view. Quenching with 
clamps is, in general, awkward. The magnetic stiffness 
of cobalt steel renders possible constructions of 
magnetic circuits which are surprising to those accus¬ 
tomed to tungsten steels. For instance, I have used 
for some three years a little hand-lamp containing a 
small generator driven by a trigger handle the steel 
field-magnets of which are only 1 in. long in the flux 
direction. It is still in use and the magnets do not 
appear to have weakened at all. 

Dr. S. Parker Smith: I should like to have some 
more information on the substitution of electromagnets 
by permanent magnets, especially as regards efficiency. 
When I first had to design motors for desk fans 1 was 
astonished to find what a great loss takes place in the 
field. ^Only one who has measured or calculated the 
losses in the exciting circuits of small machines has 
any idea of their extent. Therefore I think that from 
that point of view alone it is worth while considering 
the permanent magnet. At the time I was doing this 
—^some 14 or 16 years ago—I found that it was quite 
out of the question to use a permanent steel magnet 
in motors for desk fans and other small loads. Cart 
the author say what is the magnitude of the losses 
on -the pole faces of tliese hard steel magnets ? On 
the one hand we get rid of the losses ii\ the field coils, 
but on the other hand it is quite possible that we may 
get losses in the faces of the poles. With regard to 
tlie author's figures of costs, has he taken’^into account 
the great wastage in winding these little bobbins ? 
In one instance I remember that the cost of inspection 
of these small coils was as high as the cost of winding, 
and the wastage was very large with the fine wires 
that had to be used. Any method that would get rid 
of the high cost of winding bobbins of very fine wire 
would be a great advantage, and these new alloy 
steels may solve the problem. On the other hand, 
there is the question of the price of the special steels. 
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It has to be remembered that when one evolves 
standard lines which are usually built by the thousand, 
the total weight of material becomes very considerable ; 
so that one would have to be assured of his supplies of 
that material before introducing standardization. In 
conclusion I should like to ask the author how uniform 
are these steels. 

Mr. J, F, Kayser: As the author has indicated, 
the high cost of magnet steels containing cobalt 
has undoubtedly prevented their adoption to a very 
great extent. I really think that their adoption has 
been still further prevented by the remarkable ignorance 
of the majority of magnet users concerning the elements 
of magnetic circuit design. When the author asked 
me in 1919 if my firm would be prepared to under¬ 
take experimental work on high-coercivity cobalt 
steels and told us of the advantages they would 
possess, we made inquiries of some half a dozen of 
the leading electrical concerns in this country and, 
without exception, they informed us that a cobalt 
steel would be useless, as ordinary tungsten steel 
magnets, with a coercive force of 60, were quite per¬ 
manent enough. The utilization of permanent magnets 
during the past five years, particularly that resulting 
from the author’s personal work, has shown their 
attitude to have been quite wrong. It is unfortunate 
that, in many cases, the choice of a magnet steel is 
left largely in the hands of a purchasing agent with 
little or no technical knowledge, and, in many cases, it 
is quite impossible to get beyond him. If we con¬ 
sider a machine using a tungsten steel permanent 
magnet, there are three possibilities : (1) The tungsten 
steel magnet is worldng economically; (2) it is working 
too near to the remanence point; and (3) it is working 
too near to the coercive-force point. In cases (1) and 
(2) the replacement of the tungsten steel magnet by a 
high-coercivity cobalt steel magnet will, in every case, 
lead to a lessening in efficiency, and the instrument 
must be re-designed to suit the properties of the new 
steels. In case (3), however, a greater efficiency can, 
in every case, be obtained by simply substituting the 
tungsten steel magnet by an exactly similar magnet 
made from cobalt magnet steel. The loud-speaker is a 
well-knowm example of the last. Some few years ago 
tungsten steel magnets were used, but now practically 
every loud-speaker on the market is fitted with a 
cobalt steel magnet. 

Mr, E, A. Watson (in reply) : I quite agree with 
Prof. Howe as to the general lack of knowledge in 
regard to permanent magnets, not only as regards the 
relationship b^veen the magnetic properties of the 
steel itself, but also as regards the principles under- 
lying the a;^plication of permanent magnets and the 
design of apparatus in which these are incorporated. 
It is certainly a subject which has been very much 
neglected in the past, and one to which a great deal 
more 'attention might profitably be given; but what 
I should like to emphasize more than anything else 
is the importance which attaches to a proper co-ordina¬ 
tion between the engineer and the metallurgist. In I 
the past this has been entirely lacking: the engineer, 
as is confirmed by Prof, Howe^s remarks, has a very 
scanty knowledge of the metallurgy of steel and the 


various transformations which take place when a 
piece of magnet steel is hardened, while the metal¬ 
lurgist, on the other hand, has only the vaguest ideas 
as to magnetic properties and their ultimate meaning. 
If we are to get any real progress in the improvement 
of permanent magnets, it will be necessary for the 
work to be carried out by men who combine both 
branches of knowledge and who are able to co-ordinate 
changes in the' magnetic ‘ properties with the corre¬ 
sponding changes in the metallurgical structure of 
the steel itself. It is, perhaps, not fully realized that 
magnetic analysis shows that in the majority of per¬ 
manent magnets not more than 76 to 80 per cent of 
the iron can be accounted for as being in the magnetic 
state, and it is quite likely that well-directed research 
will find some manner of accounting for at least a 
considerable proportion of the iron which appears to 
be present in the non-magnetic condition. At all 
events a very promising avenue of research work is 
opened up in this direction—one which has been very 
little explored and which offers possibilities of malting 
really useful contributions, not only to our knowledge 
of the materials, but also to their application to the 
needs of the engineer. 

As regards the permanence of these magnets, the 
whole subject of permanence is one which requires 
careful research and on which very little really definite 
is known. Many experiments have been made^on the 
so-called permanence of magnets, but in tlie majority 
of cases no proper steps have been taken to discri¬ 
minate between the many different factors which may 
cause loss* of magnetic power. Quite recently Mr. 
Evershed has shown * that apart from the ageing 
due to vibration and temperature changes, there is a 
further ageing which occurs due to gradual degradation 
of the steel, and any real work on permanence must 
separate these two factors before the results can be of 
real utility. As regards the degradation of the steel, 
very rough experiments which I have carried out on 
the air-hardening cobalt-chrome series of steels seem 
to show that this degradation is very much less pro¬ 
nounced than in the case of a water-hardening tungsten 
steel, and my own theory is that in any steel—of an 
air-hardening type—^in which the hardening molecule 
is relatively imipobile, degradation due to ageing will 
be less pronounced tlian in a water-hardening steel, in 
which the hardening molecule can move more freely, 
but I am afraid that at present this is only a conjecture 
which requires a considerable amount of research 
before definite statements can be made. My own 
experience, based in a practical way on the application 
of cobalt steel magnets for about five years, is that 
under the same conditions they are at least as per¬ 
manent as tungsten steels. My firm has had experience 
of these magnets not only for magnetos, but for small 
generators, motors and other special classes of appa¬ 
ratus, and we have never had any cases of trouble 
due to ageing of the magnets, or loss of flubc, which 
could not be accounted for by ill-usage or accidental 
demagnetization by an external source. 

In reply to Mr. Brookes, I am afraid that I cannot 
agree with his conclusions regarding the relative naerits 
• * See page 725. 
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of tungsten and chrome steels. I quite agree witli 
him that if a piece of apparatus has been designed for 
a tungsten steel magnet the direct substitution of 
chrome steel for tungsten steel, without any change 
in dimensions, might lead him into difficulties through 
what he would term “ the inferior quality of the steel,*' 
but if the slightly lower magnetic values of the chrome 
steel are recognized and due allowance made for these 
in proportioning tlie magnets, I see no reason at all 
why chrome steel should not give results quite as 
satisfactory, and I believe that a certain saving in 
cost might accrue. It is certainly significant that- 
chrome steels should be used so largely in the 
United States, although I agree that this may be, in 
part, due to difficulties which have at times occurred 
in that country in obtaining tlae requisite supplies of 
tungsten. 

As regards Mr. Brookes's comparison between cobalt 
and tungsten steels, I think that really we are in agree¬ 
ment, as I would certainly never suggest tliat a cobalt 
steel can sliow any saving, unless the apparatus can 
be designed around it and advantage taken of the 
simplification in design due to the shorter length of 
magnet which can be obtained. In our own case, for 
instance, although in changing from tungsten to cobalt 
steel we actually increased the cost of the magnets 
slightly, the incidental savings obtained and, in parti¬ 
cular, lihe economies in connection with the labour of 
machining and assembly, were quite sufficient to out¬ 
weigh the increase in cost due to the change in 
material. The costs given in the paper for cobalt 
steel were, as stated, not based on market quotations 
but on an estimate of what the steels could be pro¬ 
duced for under certain conditions, and although at 
the time the paper was written market quotations 
were considerably above these figures, at the present 
time they are substantially in agreement, ’ some prices 
ruling slightly above the figures and some below. I 
am pleased to hear that Mr. Brookes reports for the 
working of tungsten steel considerably lower costs 
than are quoted in the paper, and I think that if the 
same good practice were applied to cobalt steels a 
similar reduction could be expected in this case also, 
so that this should not affect the comparison to a very 
great extent. 

I am pleased to have Mr. Wright's views, and also 
those of Dr.. Parker Sniith, that there is a field for 
small permanent-magnet motors. They should cer¬ 
tainly be more reliable, and the smaller sizes, at all 
events, should probably be cheaper, even in first cost, 
than machines with wound field-magnets. There is 
no difficulty whatever involved in tlieir manufacture, 
and it should be a line well worth following up. 
Motors with permanent fields would have the pecu¬ 
liarity that the direction of rotation could be reversed 
from a distance by merely reversing the polarity of 
the supply. This might, of course, in certain cases be 
disadvantageous, as for instance with portable motors, 
or fans fed through a plug and socket, as care would 
have to be taken when inserting the plug to ensure 
that the motor would run in the correct direction. On 
the other hand, there are many case^jj in which this 
would be a distinct advantage, particularly for motors 
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operating a remote-control mechanism, signalling devices, 
etc. 

The use of a salt bath for hardening magnets has 
considerable possibilities, as it enables quick heating 
to be obtained, together with a very close control of 
the temperature. Electrically-heated salt baths are, 
however, very expensive in first cost, and the cost of 
upkeep of the bath itself is generally considerable. 
Modem regenerative gas furnaces are fairly cheap to 
install and give a reasonable efficiency and very uni¬ 
form heating. Both types of furnace have, in my 
experience,-been iried^for cobalt-chrome magnets, but 
the gas furnace seems at present to be favoured. 

I quite agree with Dr. Parker Smith as to the relative 
improvement in regard to field losses in smaller machines, 
as the field losses increase rapidly in proportion as the 
size of the macliine is decreased. With permanent- 
field machines it is possible to get extremely low no- 
load losses, and extremely good efficiencies right down 
to the smallest size. I would instance the case of a 
small 600-volt motor-generator whidi we are now 
making and which will run at 4 000 r.p.m, with a 
no-load loss of less than 10 watts, a figure which can 
certainly not be obtained with any wound-field machine. 
The absence of field loss not only increases the effi¬ 
ciency, but also increases the permissible rating of 
the machine, in that the heating for a given armature 
loss is substantially reduced. There might, of course, 
be losses in these machines if solid pole-shoes were 
employed, but in all the machines which are described 
the pole-shoes are made of soft-iron laminations, and 
in any case the use of magnet steel for a pole-shoe is 
bad practice and, as far as I know, is never adopted. 
As regards tlie allowance for wastage and inspection 
on the fine-wire coils a certain allowance has been 
made for this by taking a high value of the copper 
cost for small gauges of wire, but I could not say for 
certain whether this would be sufficient to cover the 
case which Dr. Parker Smith has instanced. I quite 
agree as to the necessity before making any radical 
change^ of ensuring that there would be a continuity 
of supplies of material, but I think that these steels 
have now been produced for a sufficient length of time 
for their supply to become fairly well established, and 
I believe that there is not likely to be any shortage in 
raw material for a very long while to come, unless the 
demand should increase to a very great extent indeed. 
As regards uniformity, these steels, when made by a 
reputable mailer, are really very uniform indeed, and 
our records, extending over very nearly 5 years (equal 
to nearly half a million magnets) show That there has 
been extremely little variation and an almost entire 
absence of rejection of material for magnetic defects. 

-In reply to Mr. Kayser, I too was very much struck 
with the conservatism of manufacturers and users 
when these steels were first brought to their attention, 
and with the ignorance of large users in regard to the 
principles governing the use of permanent magnets. 
I am afraid,, however, that this was no worse than the 
conservatism shown by the steelmakers when it was 
first suggested to them that they should attempt to 
make cobalt magnet steel; and if it had not been for 
the enterprise df two firms, of which Mr. Kayser's 
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was one, the development of cobalt steels ^ in this 
cofintry might have been delayed for an ahnost in¬ 
definite period. As Mr. Kayser points out, apparatus 
for the use of cobalt steels must be designed to that 
end, and the direct substitution of cobalt steel for 
tungsten steel may, in certain cases, even lead to a 


worse performance instead of a better. There are, 
however, cases where the tungsten steel is working 
disadvantageously and under conditions of excessive 
demagnetization, and in these cases the substitution 
will lead to a greater improvement than that corre¬ 
sponding to the properties of the material alone. 


ELECTRICITY IN AGRICULTURE. 

REPORT OF THE ELECTRICITY IN AGRICULTURE COMMITTEE TO THE COUNCIL. 


The Committee was appointed by the Council on 
the 16th March, 1923, for the purpose of reporting on 
the following points :— 

(а) Whether there are any special features in con¬ 
nection with the supply and use of electricity in 
agriculture which need special attention from the 
Institution by way of education or propaganda, and, 
if so, what action the Committee recommend the 
Council to take. 

(б) And, for the purpose of making a recommenda¬ 
tion :— 

(i) To investigate and report upon the actual or 

probable load factor and annual consumption 
of farms in this country and elsewhere, and on 
the capital cost to supply authorities of supply 
to farms, and to farmers of the machinery for 
utilizing the supply, and of the economic^results 
likely to be obtained by supply authorities and 
farmers; 

(ii) To report on the desirability of a permanent 

Sectional Committee of the Institution for deal¬ 
ing with this question. 

The constitution of the Committee is as follows :_ 

LI. B. Atkinson (Chairman), 

C. T. Allan. J. F. Crowley. 

J. W. Beauchamp, J. H. Edwards, 

S. E. Britton. B. M. Jenkin. 

W. R. Cooper. R. Borlase Matthews. 

F, A. Sclater. 

The Committee has held 6 meetings, one of which was 
at the farm of Mr. Borlase Matthews, Greater Felcourt, 
East Grinstead. The Committee have collected ;frorn 
various sources a large amount of information as to the 
work which has been carried out and the results that 
Imve been obtained therefrom, with a view to summari¬ 
zing ihese results in the form of a report under the 
following headings :— 


A. Uses to which electricity can be put in agriculture. 

(a) Electric lighting .. In the house, barn, dairy, 

poultry house, and other 
buildings. 

(b) Motive power ..In the house, bam and 

dairy, and for*" water 
pumping and drainage. 
In the field. 

The amoxmt likely to be 
used, the consumption 
per acre of farm lands. 

(c) Crop stimulation .. The position. 

The amount of electricity 
likely to be used. 

B. Capital Outlay. 

(а) At the farm .. ., The price at wliich it will 

pay the farm to use it. 
The financial return on 
this to the farmer. 

The method of providing 
this outlay. 

(б) On distribution .. The return on this. 

The method of providing 
this outlay, 

C. Existing schemes in operation. 

The results. 

Lessons therefrom. 

D. Steps which might be taken by the Institution. 

A. Uses to which Electricity can be put 
IN Agriculture. 

(a) electric lighting. 

Electric light is of considerable assistance to the fanner 
for the lighting of homesteads, farm yards, poultry 
houses, and buildings, and particularly for the lighting 
of farm yards during such operations as threshing. Its 
use permits the^ parrying out of certain operations by 
artificial light which can at present be carried out by 
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daylight only. The risk of fire, alwa}rs a serious risk on 
tlie farm, is minimized where electricity is employed. 

(6) MOTIVE POWER, 

In the house and barn and dairy; pumping and 
drainage, —^The usual applications of electric motors in 
agriculture are in the house, bam and dairy. In the 
former case the motors are generally stationary, either 
attached to the macliines they operate, such as chafE- 
cutting and corn-grinding machinery, or driving by 
means of shafting a group of machines, as in dairies. 
Special types of portable motors suited to farm work 
have been evolved, particularly on the Continent; 
these g,re fitted with suitable reduction gearing for the 
operation of portable machines and of stationary 
machines which run too intermittently to justify 
separate motors. 

Table 1 may be taken to be a reasonable estimate of 
use for an average farm ;— 

Table 1. 

Consumption of electricity on a farm of 160 acres. 

Kilowatt-hours 
per annum 

Lighting (house) . 100 

„ (buildings) .. .. 160 

Motive power, barn and dairy .. 1 600 
bleating and cooldng .. .. 1 600 

3 260 

It is useful to consider the consumption of elec¬ 
tricity on farms in terms of the annual use in kilowatt- 
hours (or units) per acre. Table 2 sets out the 
ascertained figures of use on a number of British farms 
in a certain supply area. 

Table 2. 

Annual use on 33 farms in a certain supply area in 
Great Britain, 


Motors on each farm, average •. 

1« 

4 

Average horse-power 

10 


Electric lamps per farm house .. 

18 


Electiic lamps in buildings 

18 


Average consumption per annum : 

% 


Lighting . 

370 

units 

Heating 

470 

units 

Power 

1370 

units 

Average total consumption per 



annum .. 

2 210 

units 

Average acreage .. 

Average consumption per acre 

230 


per annum 

9- 

5 units 


Statistics of use on Continental farms which have 
used an electric supply for several years show a higher 
consumption than this, averaging 22 units per acre.* 

The consumption of electricity per acire of arable 
land is apparently a function of the fertility of the soil. 

* See N. Ekwall : " Electricity in Agriculture,” Transactions of the First 
World Power Conference^ vol. 4, p. 571; F. A. Gaby : ” Electrical Service for 
Rural Districts as provided by the Hydro-Electric Commission of Ontario,” 
ibid., p. 28; F. H. Krebs : ” Technical Development smd Financial Organiza¬ 
tion, including Co-openitive Schemes for Electricity Supply in Agriculture in 
Denmark,” ibid., p. 242; and R. Borlasb MAtraEWS : ” Electro-Farming 
Economics,” ibid., p» 589. 


In a fertile region in the North-East of Germany 
the consumption averages (without any electric plough¬ 
ing) 100 units per acre.* 

In accordance with the returns for 34 rural districts 
in Germany, the consumption per acre was 12*6 to 
22*5 units for lighting and 27*6 to 42 units for power, 
a total of 40 to 66-6, or an average of 60 units per acre.f 

In the field. —^The principal potential use of electric 
motors is for ploughing, harrowing, etc,, and for 
threshing. 

Ploughing, —^The application of electricity to ploughing 
requires motors of from 12 to 126 h.p.,* and is carried 
out in one of several ways :— 

(a) By means of electric tractors, fed by a flexible 

cable carried from a movable pole, which are 
propelled across the field in a similar manner to 
petrol or steam tractors. 

(b) By means of electric tractors propelled by engage¬ 

ment with a chain, which is preferably laid 
across the field to be ploughed and which is 
moved forward after eaclx operation. 

(c) By means of two stationary motors placed one at 

each side of the field to be ploughed, with a single 
steel cable traversing the distance between 
them, the plough being hauled in one direction 
by one motor and in the other direction by the 
otlier motor. 

{d) By means of a single movable motor placed at one 
side of the field and a movable anchored pulley 
at the other, the plough being moved from one 
side of the field to the other by a steel cable 
which passes from cable drums on the motor 
round the pulley. 

{e) By the Howard or Fisken system, where a single 
fixed motor is used and, by means of ropes 
with movable anchored pulleys, the plough or 
other implement is drawn baclcwards and 
forwards on the field. 

. Systems (c) and {e) are those which have been 
most -generally adopted. In general these systems 
of ploughing, as in the case of steam-ploughing 
on the well-lmown Fowler system, are applicable to 
large farms or suitable for employment by contractors 
who carry out the work on terms for the individual 
farmer. The problem of electric ploughing, although 
it is one of the most important on the farm, particularly 
in view of the growing importance of the sugar-beet 
industry wliich requires deep ploughing, cannot be said 
to be fully solved. It would be the most important load 
on the farm from the point of view of tl\e power supply 
engineer. All the arable land on a farm might well be 
ploughed twice a year, with a consumption of at least 
20 units per acre, that is, 40 units per aSre per year. 
Cultivation work on similar lines would take about half 
tliis amount, say 20 vmits per acre, or a total of 60 units 
per acre; that is, on a farm of 150 acres, half arable, 
4 500 units for the field operations alone. 

In the absence of any extended experience of electric 
ploughing in this country comparative costs are not 
available. 

* R. Borlass Matthews: “Electro-Farming, or the Application of 
Electricity to Agriculture,” Journal 1922, vol, 60, p. 736. 

t Elektroiechnische Zeitsohrift, 1023,^ vol, 44,. p, 683, and FMrical WorUt 
1028, vol. 82, p. 125, 
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The following British figures of cost of other methods 
masy be noted as generally accepted :— 

CONTRACT PRICES. 

Steam ploughing. —16s. to 25s. per acre, at about 
6 in. deep. 

Tractor ploughing. —17s. 6d. to 30s. per acre, but this 
machine is hardly capable of ploughing deep enough on 
the heavy land without materially adding to the weight 
of the engine, which is detrimental to corn-producing, 
as it is apt to make a “ pan *' which the water cannot 
penetrate and, consequently, the land is kept in a wet 
condition very injurious to plant life. 

Mole draining. —16s. to 30s. per acre, but varies very 
much in different parts of the country. In Northampton¬ 
shire the drains are made from 6 to 7 yards apart, and 
in some cases up to 9 or 10 yards. The 7 yards is a 
good average at from 1 ft. 6 in. to 2 ft. 3 in. in deptli. 
In Essex the drains are very often only 4 yards apart. 

Horse ploughing. —^20s. to 36s. per acre, according to 
the nature of the land. 


COST OF ELECTRIC PLOUGHING. 

The following information has been obtained* as to 
the price at which electric plougliing is done in France 
by contract. It will be understood that tliis represents 
cost and profit, the price being regulated by com¬ 
petition with horse ploughing. 

The figures are given subject to a caution that com¬ 
parison between the British and French figures must 
not be taken too literally, as the external and internal 
values of the franc are very different. 


Table 3. 


Contractors* Price List. 


Depth of 

Ploughing Subsoiliog 

Total depth 

Price per acre 

in. 

in. 

in. 

francs s. d.f 

10-12 

6-6 

16-18 

137 ^ 3 

8-10 

6-6 

13-16 

130 32 6 

12-14 

— 

12-14 

127 32 

10-12 

— 

10-12 

120 30 

6—8 

6-6 

11-14 

120 30 

8-10 

— 

8-10 

93 23 

6-8 


6-8 

66 16 6 


t At 80 francs to tlie &. 


The charge ipr scuffling to a depth of about 4 inches 
was 40 fr. (say 10s.) per acre. 

In France^ it is usually reckoned that 10 francs (say 
2s. 6d.) per 4 inches of depth is a reasonable charge tc 
pay to contractors for ploughing and subsoiling. 

In the 1924 season an electric ploughing set ploughed 
1 463'acres (688 hectares). Scuffling was'done at the 
rate of 49| acres (20 hectares) per day; while a six- 
furrow plough accomplished 16f to 19| acres (6 to 8 
hectares), in the same time, and a four-furrow deep 
plough did 12J acres (6 hectares). 

T-hreshing .—^Threshing by means of portable electric 

Paris, wlio ascertained 

^e.ngures froinLes Grands-Secteurs Electrlques, Versailles. 


motors is another operation which is frequently done 
on the Continent tlirough contracting firms, who supply 
a portable transformer for connecting to the distribution 
system, a cable drum and the necessary large portable 
motor. 

(c) CROP STIMULATION. 

A good deal of isolated and badly co-ordinated ex¬ 
perimental work has been done by various observers as 
to the stimulation of field crops, from which a general 
impression only can be received ; it would appear, how¬ 
ever, to be established that it is possible in certain 
cases to increase considerably the quantity and quality 
of certain crops. 

In 1918 a Committee was formed by the Government 
under Sir John Snell to investigate and report on this 
question, and under its guidance seven reports * have 
been prepared covei'ing an examination of the work 
already done and reporting on experiments both in the 
field and on plants under pot culture. The results of 
the field experiments were so conflicting and difflcult to 
reconcile that it has been decided at present to con¬ 
centrate on pot-culture experiments, with a view to 
determining as quickly as possible the general conditions 
of electrification which are favourable, after which field 
operations will be resumed. 

It has been stated in the second Report of the Com¬ 
mittee referred to, that increase in yield averaging about 
30 per cent had been obtained in field experiments. 

The matter has reached a stage which is as yet of no 
very great practical importance or direct application 
owing to lack of commercial data and apparatus suitable 
for placing in the hands of the farmer. 

The amount of electricity used for the purpose is 
insignificant, not amounting to more than about 10 watts 
per acre, applied for, say, 2 hours a day for one to two 
months of the growing period. 

B. Capital Outlay. 

(a) At the farm .—^This depends of course on whether 
the installation at any particular farm is for the purpose 
of field operations or for lighting, barn and dairy use. 
Speaking generally; it is probable that as regards the 
larger field operations tlie capital outlay is so consider¬ 
able relative to the amount of use on any particular 
farm, that except in the case of the largest farms tlie 
plougliing and cultivating tackle, as has occurred in the 
case of steam tackle, will be owned by contractors who 
will do the work for the farmer. On the other hand, the 
use of electricity in the house, barn and dairy will be 
made with machinery and appliances provided by the 
farmer and the cost may be estimated as follows :— 

£ 

3 electric motors aggregating 10 h.p., 
with starting gear and reducing gear .. 60 

Electric light, 36 points in house and 

building. ., 36 

Sundry cable and switchgear not in¬ 
cluded in the lighting ,. .. .. 20 

Ha 

Sundry household apparatus .. .. 40 . . 

£156/ 

Ministry of Agriculture, 10, 
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Price of electricity obtainable, —^As.to the price at which 
it will pay the farmer to use it, there is evidence that 
farmers will willingly pay for lighting 8d. per unit, for 
heat 2d., and for power 4d, (electric, ploughing from 
Id. to 2d.). 

Financial return to the farmer, —It is’ difficult to put 
any precise figure on the financial return to the farmer. 
It is probable that on farms employing five men and 
upwards where other power has not been installed, 
at least one man can be saved. On smaller farms 
the advantage would be rather in reducing the number 
of hours the fanner and his family would have to 
work and redficing the actual. manual toil involved, 
by reducing risks of fire, or increasing the output of 
the farm. There is no doubt also that the provision 
of good lighting in the mornings and evenings of the 
winter months contributes to saving of waste of 
materials and of time lost. In the case of farmers 
owning a considerable head of poultry, it has been 
established that by lighting the poultry houses in the 
winter months morning and evening there is an improve¬ 
ment in the average value of the eggs produced, not so 
much in an increased total number as in tlieir distri¬ 
bution towards the months when daylight is shortest, 
with a consequent advantage of about 20 per cent in 
their average value. The result of these various factors 
is that in tlie case of an ordinary farm it is estimated 
by the i^ommittee that these outlays will repay them¬ 
selves in about four years, after which tliere will be a 
return, allowing for repairs, of probably 20 per cent 
per annum on the money spent on the equipment. 

Although this is attractive, the fact has to be faced 
that farmers have lost a large amount of their capital 
during the last few years, and that it is probable that 
in the majority of cases some system of furnishing the 
equipment on hire-purchase terms would be necessary 
to encourage the adoption of electricity. 

(6) On distribution, —In this question lies the prin¬ 
cipal problem of the supply of electricity for 
agricultural purposes. Whatever the future may 
hold, there is universal agreement that, in the early 
stages of establishing a supply network to supply 
purely agricultural areas with electric power, there will 
not be a load wliich mil produce a fair return on the 
expenditure for distributing mains if %he development 
of the uses of electricity is left almost entirely to the 
initiative of the farmers. The experience in England, 
France, Italy, Switzerland, Holland, Sweden and 
Canada leads to the same conclusion and to the general 
statement that (1) there must exist other sources of 
income for the transmission system capable of canying 
a large, if not the major, part of the capital charges on 
the investment during the period required for the natural 
education of the farmers; or (2) there must be an 
abnormal economic demand for the energy, rendering 
possible its sale at ah abnormal price; or (3) there 
must exist an abnormal supply of electrical energy 
which could not otherwise be sold, rendering economic 
its sale at a price well below the average cost of pro¬ 
duction, or (4) there must exist social or political reasons 
why the supply should be furnished- at an uneconomic 
price on account of other .advantages-to be gained. 

In the first category we have such cases as- exist in 


Sweden, where the transmission lines from the water¬ 
falls pass along the valleys in which the agricultural 
areas are situated, and the lines are easily tapped. In 
Holland we have the case where lines are put up for 
distribution to towns and for the purpose of drainage 
pumps throughout the country, which fines are again 
easily tapped for agricultural purposes. Or again in 
Switzerland, where we have a large number of small 
towns in wliich are situated semi-domestic industries 
which in fact are bearing the costs of the transmission 
and distribution networks used for agricultural purposes. 

In the second category we have France, where the 
shortage of man power stresses the necessity for the 
supply of motive power and where, in addition, the 
necessity of maintaining a source of military strength 
necessitates the maintaining of the agricultural areas at 
their highest working power and making them us attrac¬ 
tive as possible to the population, even at the expense 
of the State. 

The third case is illustrated by Italy, where there is 
a superabundance of hydraulic power from the Alps 
in the summer time, the season of the year when the 
industrial demand is at its lowest and the farming 
demand at its maximum. 

In this country it is probable that the first men¬ 
tioned consideration will be the predominating influence, 
though it is likely that the existence of loads other than 
those provided by agricultural operations or, alter¬ 
natively, the establishment of industries providing such 
loads, will be dominant factors so far as rural electric 
supply is concerned. We find also that in other 
countries, notably in Scandinavia, Canada and Italy, 
financial assistance is given by the State towards the 
provision of rural distribution lines. 

C. Existing Schemes in Operation. 

In some parte of the Continent the supply of electricity 
is remunerative. On the other hand, there are many 
districts where the engineers have not specialized on 
the rural problem, and these districts are usually un- 
remunerative to the electric supply undertaldng. As 
the farmers become acquainted with the varied uses of 
electricity, it seems likely that tliese at present unre- 
munerative districts may become profitable. 

. When the electrical equipment of railways becomes 
an accomplished fact tliere will be a general distribution 
system in existence which will enable electricity to be 
carried more widely into the agricultural areas, based upon 
these main-fine transmissions. For the present more 
I tentative methods will have to be adopted; and these for 
the most part will lie in tlie direction of extensions from 
existing plants in towns of moderate size lying within the 
1 agricultural districts and where the supply of electric 
power from such towns will stimulate more intensive 
. methods of farming in the near neighbourhood of such 
' towns and railway systems. Already developments are 
' taking place in this direction. The towns of Altrincham, 
Aylesbury, Chester, Hereford, Wolverhampton, etc., have 
. already extended or decided to extend their fines into 
the districts surrounding, while the power supply under- 
j takings in South Wales, Ffie, Kilmarnock, etc., are 
i already Supplying a number j6ffa4*?n.ers. . 
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With regaxd to the actual cost of such distributions, 
in^the cases which have so far been carried out this 
appears to be higher than a more extended study of the 
subject will probably suggest. For 6 600-volt overhead 
bare lines on insulators with creosoted poles carrying 
three conductors, each No. 10 S.W.G., all to comply 
with the Electricity Commissioners' Regulations, the 
cost would lie between £600 and £600 per mile, and it 
is probable that cheap underground cable systems could 
be laid in the open country for about the same figure, 
but the fact remains that the lines erected in agricul¬ 
tural districts in foreign countries have cost much less 
than this—even as low as £100 per mile in Sweden— 
and it is probable that a study of the best methods of 
erecting such lines will lead to a figure of £260 to £600 
per mile to comply with the Regulations necessary in 
this country. A good deal of discussion has taken place 
as to whether the lines to individual farms should be 
single-phase or three-phase, and there is little doubt 
that as regards the lines the single-phase system is 
cheaper and there is some simplification in transforming 
and switching gear. On the other hand, the motors 
are rather larger and more costly and, so far, whatever 
installations have been completed have been upon the 
three-phase system. 

In order to summarize this part of the Report, it 
may be well to give the following actual example (in 
Sweden) obtained by a member of the Committee 
where conditions were not favourable to a large 
consumption per acre, as the land was poor. In a 
rural area of 3 700 acres (of which 1 700 were wood¬ 
land and waste) about 16 miles of distributors were used 
to supply 22 farms and 29 other rural customers whose 
consumption, averaged over several years, was 82 000 
units per annum. The return on the capital expended 
(which was heavy, as the work was carried out during 
the war) was 6 per cent per annum. The consumption 
per acre was 22 units, or 6 67Q units per mile of dis¬ 
tributor. * 


D. Steps which might be taken by the Institution. 


Although the actual consumption per acre or per 
farm appears small, yet the total acreage of farm lands 
in this country is large, being nearly 27 million acres 
out of the total area of 66 788 366 acres in England, 
Scotland and Wales, and the supply of electricity to 
farms, if carried out, would aggregate a very large 
total, say, under English conditions, 260 million units 
per annum without electric ploughing or cultivation, 
and from tw<p to three times this amount if electric 
ploughing and cultivation as in Continental practice 
were adopted. 

The laying out of the work, the construction of the 
generating plant and cables or overhead lines, and the 
supply of plant and accessories would form a very 
important addition to the activities of the electrical 
industry. This, added to the social and economic 
betterment arising therefrom, is of such importance 
that it is recommended tliat the Institution should use 
its influence in promoting this object. 


Matthews: **Electro-Fanning Economics,” Transactiof> 
of the Fmi World Power Conference, 1024, vol. 4, p. 630. 


To this end the following are some of the steps that 
might be taken :— 

(1) The appointment of a permanent Committee, to 
advise the Council of any development arising which they 
should take note of, or on which they should take action. 

(2) The presentation of a memorandum to the 
Government pointing out the advantages that would 
arise from a wide distribution of electricity to agricul¬ 
tural counties, and that this should be taken into con¬ 
sideration in fostering schemes of railway electrification. 

(3) That a special recommendation should be made 
to the Government in connection with the provision 
of financial assistance, either in the form of direct 
grants or the provision of finance at specially low rates 
and repayable over long periods, towards the cost of 
provision of distribution lines in rural areas in dis¬ 
tricts where there is a prospect of the undertaking 
becoming profitable in the course of a few years, so as 
to enable a cheap supply of electricity to be provided 
for these areas. 

(4) That the Institution should talce steps to encourage 
the design by the leading British manufacturing firms 
of electrical apparatus especially suited to agricultural 
conditions, such as portable transformers, portable 
motors for general use, cable reels for enabling temporary 
connections to be made to such motors, electric ploughing 
equipments of suitable type, etc. 

(6) That in connection therewith the Government 
should be urged to issue through the Ministry of Agricul¬ 
ture in conjunction with the Electricity Commissioners 
authoritative leaflets on the subject, showing what has 
been done and what can and ought to be done by 
farmers when a supply is available. 

(6) That the Institution should offer to co-operate 
with the Royal Agricultural Society and other agricul¬ 
tural bodies in tests and experimental work, and in 
formulating a policy for the supply of electricity to the 
farming population. 

(7) That the Institution should take steps to obtain 
a paper each year on a subject dealing with the appli¬ 
cations of electricity to agriculture, and that joint 
meetings with the. Royal Agricultural Society or with one 
of the other farmers’ organizations should be arranged, 

(8) That the Institution should take steps to initiate 
experimental w^rk by or through existing bodies :— 

(а) In improving the efficiency of farm implements 

and machines by redesign of the implements 
or machines to use the new forms of power 
‘available. 

(б) In improving the efficiency of methods of crop 

treatment by means of iie new form of power 
available. 

(ij) In carrying out investigations that would pro¬ 
vide useful data in relation to the application 
of electricity to agriculture. 

(9) That the Institution should take steps to propose 

Rules for rural distribution networlcs, overhead and 
underground. These Rules only to apply to distri¬ 
bution to farms, villages and small industries, leaving 
other work to be carried out under the. existing Regula¬ 
tions as at ^present approved by the Electricity 
Commissioners. ^ , 
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Council for the Year 1925-1926. 

The scrutineers (Messrs. J. Coxon, P. Dunsheath and 
W. L. Wreford), appointed at the Ordinary Meeting 
held on the 23rd April, 1925, in connection with the 
ballot to fill the vacancies which will occur in the 
Council on the 30th September next, have reported to 
the President that 1 428 ballot papers were returned, 
of which 28 were spoiled, and that the result of the 
ballot is as follows :— 

President: Mr. R. A. Chattock. 

Vice-Presidents: Lieut.-Col. K. Edgcumbe, R.E. 
(T.A.), and Prof. W. M. Thornton, O.B.E., D.Sc.' 

Hon, Treasurer : Mr. P. D. Tuckett. 

Ordiridry Members of Council: (Members) Prof. C. L. 
Fortescue, O.B.E., M.A., Mr. R. W. Paul, Mr. C. 
Rodgers, O.B.E., B.Sc., and Mr. S. J. Watson; (Asso¬ 
ciate Members) Mr. R. Grierson, Major E. O. Henrici, 
R.E. (ret.), and Mr. J. W. T. Walsh, M.A., M.Sc.; 
(Associate) Mr. E. Leete. 

The Council for the year 1926-1926 will therefore be 
constituted as follows :— 

preeibent* 


<^tbinars Usembcte ot Council 


Captain J. M. Donaldson, 
M.C. 

The Viscount Falmoutli. 
Prof. C. L. Fortescue, 
O.B.E., M.A. 

R. Grierson. 

Major E. O. Henrici, R.E. 
(ret.). 

W. E. Highfield. 

Herbert Jones. 

E. Leete. 


Sir B. Ix)ngbottom. 

S. W. Melsom. 

G. W. Partridge. 

R. W. Paul. 

Col. T. F. Purves, O.B.E. 
C. Rodgers, O.B.E., B.Sc. 
P. Rosling. 

E. H. Shaughnessy, O.B.E. 
J. W. T. Walsh, M.A., 
M.Sc. 

S. J. Watson. 


And 

the Chairman and immediate Past-Chairman of each 
Local Centre. 


Regulations for the Electrical Equipment of 
Buildings. 

The Council have approved a number of alterations 
to the Eighth Edition of the above. Copies can be 
obtained from tlie Secretary for insertion in existing 
copies of the Regulations. 


R. A. Chattock.. 




A. Siemens. 

Col. R. E. Crompton, C.B. 
Sir Henry Mance, LL.D., 

C. I.E. 

J. Swinburne, F.R.S. 
SirR.T.Glazebrook, K.C.B., 

D. Sc., F.R.S. ^ 

W. M. Mordey. 

S. Z. de Ferranti, D.Sc. 


Sir John Snell, G.B.E. 

C. P. Sparks, C.B.E. 

R. T. Snutl. ■ 

LI. B. Atkinson. 

J. S. Highfield. 

F. Gill, O.B.E. 

A. Russell, M.A., D.Sc., 
LL.D., F.R.S. 

W. B. Woodhouse. 


IDices^prealbenta. 


Sir James Devonshire, 
K.B.E. 

Lieut.-Col. K. Edgcumbe, 
R.E. (T.A.). 


A. Page. 

Prof. W. M. Thornton, 
O.B.E., D.Sc. 


1bonorati2 ^reaaucec 
P. D. Tuckett. 


Associate Membership Examination. 

<9 

The next Examination will be held on the 29th, 30th 
and 31st October, 1926, Candidates must be either 
Students or Graduates of the Institution or have lodged 
with the Secretary a duly completed form E ** for 
election as Associate Member. Entry forms for the 
Examination, which must be completed and returned 
by the 1st September, and particulars regarding election 
to membership of the Institution may be had on 
application to the Secretary. 

Coopers Hill War Memorial Prize. 

The triennial award of the above Prize falJs this year 
to the Council of the Institution of Electrical Engineers, 
who have selected for the subject of competitive mono¬ 
graphs “ The Applications of Electricity to Metalliferous 
Mining.” Intending competitors are reminded that the 
latest date for submitting their MSS. is the 31st October, 
1926. The award for 1926 is limited to Corporate 
Members of the Institution who were under 30 years 
of age on the 1st January, 1925- FuU particulars can 
be obtained on application to the Secretary of the 
Institution. 
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. The Benevolent Fund. 




£ s. 

d. 

The following is a list of the Donations and Annual 

Needes, E. C. (Pontypridd) .. 

6 

0* 

Subscriptions received during the period 

26 June- 

Palmer, W. G. (Sheffield) ’.. ' 

10 

6 

26 July, 1926 



Redman, W. (Shipley) 

6 

0 


£ s. 

d. . 

Reuben, E. A. (Nagpur, India) 

2 

6 

Arrowsmith, S. J (London) .. 

5 

0 

Rose, W. C, (London) 

2 

6 

Beaton, C. A. (London) . 

6 

0 

Saltren-WUlett, C. G. (Cardiff) 

6 

0 

Brumwell, W. (Parkstone) 

7 

6* 

Samuel, R. P. (Colchester) .. . 

6 

0-^ 

Burrows, G. B. (Manchester) 

10 

0* 

Sen, A. K. (Jamshedpur, India) 

.2 

6 

Catterson-Sjnith, J. K. (Bangalore) .. 

1 0 

0 

Shaw, J. H. (DubHn) .. 

5 

0 

Chappie, F. J. (Liversedge). 

10 

0 

Slorach, J. W. (Hamilton) 

5 

0 

Franklin, E. S. (Bath) 

13 

0 

Taylor, F. W. (Oldham) 

1 

0 

Green, F. W. (Melbourne, Australia) 

10 

*6* 

Tumilty, H. G. (Dovercourt Bay) 

8 

6 

Grif&n, J. G. (Hatfield) .. . 

10 

0 

Turner, W. (Sheffield) 

6 

0 

Hamson, P. (London) .. 

2 

6 

Wharfe, L. E. (Pontefract) 

7 

6 

Hurle, V. R. (Swindon) . 

6 

0 

Wigg, C. B. (London) ., 

..10 

0* 

King, C. D. (London) .. . 

6 

0 

Williams, Edward (London) .. 

6 

0* 

Lawson, F. A. (London) .. 

6 

0 

Williams, J. (Manchester) 

2 

6 

Macnaughton, A. I. (Airdrie) 

5 

0. 

Williams, W. R. (Gamant, Carmarthen) .. 11 

0 

* Annual Subscriptions. 



♦ Annual Subscriptions, 
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ELECTRICITY SUPPLY TARIFFS: THEIR SIMPLIFICATION BY 

DISCRIMINATION. 

By G. Wilkinson, Member, and R. McCourt. 

(Paper first received %nd February, and in final form 2nd March, 1925 ; read before The Ikstitution 2nd April, 1926.) 


Summary. , 

In the fourth annual report of the Electricity Commis¬ 
sioners, reference is made to the rateable-value system of 
charging for supply, the limitations of that form of tariff, 
and its unsuitability for general application. In this paper 
the authors suggest a two-part tariff, the first charge bein|f 
based upon an agreed maximum demand in watts fpr which 
a definite number of units at 8d. per unit are charged per 
kilowatt of demand, and all over that number are charged 
at a low price per unit. Being based on the electrical demand 
of the consumers, this tariff can be offered to all classes of 
consumers ; thus equity is secured in every instance. 

Provision is made whereby the consumer may exceed his 
maximum demand; but should he do so the consumption 
is recorded on a second dial, the units thus registered being 
charged for at a higher rate. A simple, reliable, effective 
mechanism for automatically changing the record from one 
dial to the other is described. 

Attention is directed to the important part which diversity 
and load factor play in framing tariffs. 


It is now generally acknowledged that a full and free 
use of electricity is of vital importance to the industrial 
and social life of the community, and prominent leaders 
of all political parties have expressed their conviction 
that an abundant and cheap supply of electricity would 
greatly assist in the alleviation of the many social 
ills from which the State is at present suffering. 

To achieve this object of a more extended, if not 
universal, use of elecjricity by all classes is the life 
work of all electrical engineers, and whilst improvements 
in the efficiency of the generating, distributing and 
current-consuming apparatus are of the utmost interest 
to them, there is no doubt that to tlie layman or the 
man in the street the most important point is the price 
per unit asked for his electricity service. 

The consumer is to-day offered a bewildering choice 
of tariffs from which to select, and he has frequently 
expressed himself in very emphatic terms about their 
complexity and the difficulty experienced in maldng 
a choice. If electricity cpuld be sold on the same terms 
as flour, -tea, sugar, etc., viz. at a flat rate per unit with 
varying discounts according to quantity used, the 
average consumer would be better satisfied and much 
more amenable *to suggestions that he should increase 
his use of electricity by purchasing other current¬ 
consuming apparatus in addition to electric lamps. 
Unfortunately we cannot get our tariffs framed on quite 
such simple lines, but the authors maintain that the 
sale of electricity can be made much less complicated 
than it is at present, while providing equity not only 
between the supply undertaking and its ,fonsumers, but 
also between the various classes of consufiiers themselves. 


both desirable characteristics which are lacldng in many 
of the tariffs at present in vogue. Until the price 
charged to each consumer bears a definite and reasonable 
ratio to the profit made on his supply, the question of 
tariffs cannot be regarded as being satisfactorily solved. 

There have been many papers and discussions on 
tariffs since the historic occasion when the late Dr. John 
Hopkinson first laid down the principle that each con¬ 
sumer should bear his proportion of the cost of the 
standing charges involved in providing his demand, 
and from the many systems evolved there h^ gradually 
crystallized the general consensus of opinion that a 
two-part tariff is the most equitable method of charging 
for electricity consumed. 

Probably the most popular two-part tariff is the well- 
known " rateable value system, which consists of a 
fixed charge, based on the rateable value of the premises, 
plus a low price per unit for all electricity used. The 
obvious objection to this tariff is, of course, that it 
bears no relation whatever to the electrical demand made 
by the consumer on the supply undertaldng. Two 
consumers may, and frequently do, have premises which 
are equally assessed for rating purposes, and their 
respective electrical demands on the supply undertaking 
may be, and often are, very unequal, but they both have 
to pay the same fixed charge. Another objection to the 

rateable value system is that it is not applicable 
to every class of consumer but ha^ been devised for 
and adopted by the domestic consumer only, because, 
general!^ spealdng, he alone derives benefit from it as 
compared with other tariffs. The shopkeeper, the 
manufacturer, the hotel-keeper and all highly rated 
consumers are penalized, whilst the occupiers of all low¬ 
rated premises are subsidized if charged for electricity 
on the rateable-value system. 

Another two-part method which is coming into vogue 
in some localities is to substitute floor area for rateable 
value as a basis for the fixed charge. This method, 
however, presents the same disadvantages and inequi¬ 
ties as the rateable-value system. ^ 

The authors submit, therefore, that while a two- 
part tariff is the best for stimulating th.^ increased 
use of electricity, the fixed charge should be based on 
the electrical requirements of the consumer in watts or 
kilowatts, and on this alone. The consumer’s electrical 
requirements will be classified on the basis outlined 
later in this paper at a definite amount for which he 
pays in the form of a minimum number of units at 8d. 
per unit and the residue at a low price per unit. Thus 
the average price will decrease as the hours of use 
increase during the 24 hours of the day; and only if, 
and when, he exceeds that agreed demand would a higher 
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rate be charged. Such a tariff can be offereji to all 
classes of consumers without distinction, since it is 
based on their electrical requirements—^the only sound 
and equitable basis for negotiation between supplier 
and consumer. This principle is at the root of the 
Wright maximum-demand system, but the authors* 
experience, in common with that of all central station 
engineers, has been that consumers do not understand 
its mode of operation, and when a consumer of any 
commo(Mty does not understand the system on which 
he is charged he often has a suspicion that advantage 
is being taken of his ignorance. Under the proposed 
system the consumer can ascertain his position and 
liability unaided at any time, by observing his meter 
readings. 

For such a tariff a cheap and reliable mechanism is 
required which, while limiting the consumer to his 
declared maximum supply at a cheap rate, will also 
automatically secure a higher rate of tariff during the 
time when he exceeds, either by accident or design, his 
declared maximum demand. Thus an equitable tariff 
is at once available—a tariff equitable not only as between 
the supply undertaking and individual consumers but 
also as between consumer and consumer, and this 
regardless of the particular times at which the supply 
is taken or the purposes to which is is applied. 

The authors claim .that they have devised a system 
and designed a simple and reliable instrument by which 
these substantial advantages can be obtained and the 
accruing growth of business secured. Briefly the modus 
operandi is as follows : The consumer, instead of having 
to wait until the end of the quarter or half-year to 
learn the amount of his more or less variable demand, 
with the assistance of the supply undertaking assesses 
himself to take a fixed number of watts as a normal 
maximum of his requirements, and for this demand he 
pays a fixed quarterly charge per kilowatt demanded 
at 8d. per unit, according to his classification. A two- 
rate meter is installed, on one dial of which all the 
current used under normal conditions, including the 
pro rata number of units at 8d,, are recorded ; after 
this deduction the residue is charged at the low price 
per unit. Should he at any time exceed the amount 
of this pre-arranged demand the mechanism called the 
" discriminator ** comes into operation and automatically 
transfers the record of current consumed to the second 
dial, the units registered on that dial being charged for 
at a higher rate. It follows, therefore, that a consumer 
will use every means not to exceed his agreed demand, 
while at the same time he will endeavour to keep his 
demand as high as possible within the low-rate supply 
limit, thus giving the supply aijthority a much better 
load curve.r. 

To assist the consumer and give him visible indication 
when he is exceeding his declared maximum demand a 
neon lamp or lamps may, if desired, be arranged at 
prominent positions and illuminated through the action 
of the discriminator ** changing the record of current 
consumed from the low-rate dial to the high-rate dial. 

The mechanism to carry out the objects named by 
the authors must be of the simplest character, low in 
first cost, and entirely dependable in. service for long 
periods without requiring attention at any time. 


An Equitable and Simple Electricity Tariff for 
ALL Purposes. 

The authors propose for this tariff an electricity meter 
of any dependable make fitted with two dials, one of 
which records the normal consumption and the other 
all units consumed under abnormal conditions. 

The ordinary method of using such a two-rate meter 
is to have a time clock in connection with it which, by 
means of a shunt coil and a magnetic device, transfers 
the record to the second dial during light-load hours, 
all such consumption being charged at a reduced rate 
per unit, and restores the record to the original dial 
at an arranged. hour, varying according to the time of 
the year. Obviously such a method can give only a 
very rough approximation to the actual cost and corre¬ 
sponding sale value of the units so supplied. In some 
cases the selling price compared with the cost of produc¬ 
tion wiU be excessive, whilst in others the price obtained 
may be actually below cost. One grave objection 
to this method of use lies in the employment of expensive 
and delicate clockwork mechanism. The authors have 
had wide and long experience with clockwork mechanisms 
and are convinced that an extensive use of expensive 
clockwork in connection with supply meters is a retro¬ 
grade step, since the clockwork requires not only frequent 
winding but also considerable attention and repairs 
due to the unsuitable conditions under which it has to 
work. 

The authors use the two recording dials in an entirely 
different manner; one dial, which is always in use 
under normal conditions, is called the ** low rate ** 
dial, and the other, which comes into use only when the 
consumer by design or accident exceeds his contract 
with the supply undertaking by imposing a heavier maxi-, 
mum load than he is entitled to .under the terms of his 
agreement, is for convenience termed the “ high rate ** 
dial. When the load is reduced within the limits of 
the consumer*s contract the record is automatically 
restored to the " low rate ** dial. 

These changes are effected in an entirely reliable and 
simple way by the mechanism called the '' discrimina¬ 
tor.** This consists of a small coil or solenoid of few 
turns in series with»the main circuit of the. meter; 
within the solenoid is a light iron core or its equivalent 
shackled to the rocking bar operating either one or 
other of the dials referred to, according to its position. 
Normally, by reason of its own weight or otherwise, the 
rocking bar maintains the recording gear in circuit writh 
the low rate ** dial, but, should the load at any time 
exceed the amount contracted for, the increased current 
in the series coil is strong enough to rock the bar, thereby 
disconnecting the “ low rate ** dial train and bringing 
into use the train operating the ** high rate ** dial, 
upon which the consumption is then recorded until the 
load is reduced to within the limits of the contract, 
when its record is automatically restored to the " low 
rate ** dial. The units recorded on the ” high rate *^ 
dial are charged for at a price suf&ciently high to deter 
the consumer from exceeding the-terms of liis contract. 

For instance, if after an initial fixed charge of 8d. 
per unit per ]^W demanded, for the first 46 units per 
quarter, the ncTrmal charge is fixed at Jd. per unit. 
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I)nnging ihf average price for all purposes to 0'809d. 
per unit un a IS-htnir load factor, or OdUJGd. per unit on 
ii 24diour luail fiictur, a charge of (id. per unit fur all 
units rectu’deil on the “ high rate ** dial would be ample 
ti) secure a fairly rigid adherence to the terms of the 
supply ctintract, 

Jn a uniform tarilf meter of this characttjr it is of the 
tilnujst importanta*, to obtain simplicity uiul cheapness, 
together with entire rt^iability of operation. 

Pigs. 1 ami 2 show iiuw tliese features are secured. 
Again, it is essential that tlie change-over from the 
low rate ** the ** high rate ** tiial shall be prompt 
and actairate witlujut dangiT of the opi'rating gear taking 
a lumiral position clear of both recording mechanisms. 



The .uniform-tariff meter as described is simpler 
and contains few^er parts than the ordinary two-rate 
meter, tind no time clock whatever is necessary in 
connection therewith ; also it is much less expensive 
and complicated than a maximum-tlemand tariff, which 
calls fm* two separate instruments and does not allow 
of the ecpiitable grading of charges obtainable with the 
uniform-tariff meter. 

'J'lui authors arc of opinion that the tixed-charge part 
of the turifl should be built up on the basis of a quarterly 
charge at, say, Hd. per unit for a definite number of 
units per kW of demand, according to classification, 
and all over this number registered on the “ low rate ** 
dial to In: chargc*d for at, .say, Id.. |tl. or Jd. i>er unit 
accoitling to the size of the undertaking and the local 
conditions under wliich the stipply is furnished, all the 
units ntgistered on the “ high rate dial to be charged 
for at, say, Gil. per unit. The charts in Fig, 3 show 



o i . ii 

Scale in inches 



rian 


l.---J>iagram rd cmmectinns of unilorm tiuitf 
meter, a.c. tjpe. 

SC luftiT‘srrit'Jn nill 
ll UliKi 

ISC w» lieiii »t*iratrr)it wltli 
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UU rmjkiiiKUiJii t.it'rvkx.* dilvliiK I>W 
I.UII m low riite dliil train wliortP 
XIUU M* ,u.ti traitt whrrl 

C MM rrtrkifiKduti liirtuifH murt! 

T. u*nidnaK 

d ,i« «mm riii:ki»iK«bnr 


Fir#. 2*—Actual fitineut in meter. 

A t»»n iitiiKtndtn H#;rfW 

n Irnnh t:.irryitiH yvruw A 

C * » uiunatiiii; I'tid 
0 tiuirin'oliiiHtilatliik ni.Uoiiil 
1% * • tintftindii'rore 
!• rixlliK.Hrrr'W*% 

0 tdii 4i|ii:r4aiiiKrrMikliiK k»r 
H >«M lioli* In twe riik»KitlK pin O 
I M iKUtmii jr«'W 

.1 £ * iMMtk {il.ttii! ui near fruiiu! 


This is achieved by the adjustuible magnetic brakes 
.at the top and bottom, in the form of steel screws 
as shown, 'rhese screws are set to positians which 
in the one case restrain the iron core from bcung 
lifted by the sokuaid tmtil the maximum load con¬ 
tracted for is exceeded, when thi‘. current in the solenoid 
is able to overcome the magnetic brake; thus there 
is the ample stored energy in the movable element 
to carry the gear promptly and definitely into train 
with the high rate ** dial. The restrxration o£ the 
record from the " high ratedial to the ** low rate " 
dial when the load is reduced, is equally prompt and 
reliable, but the hxad to effect this must be reduced to 
a little less than the maximum loa4^no%vable under 
the contract. 


that the consumer is encouraged to make long-hour use 
of his agreed demand witliout t?xc<^eding it, 

CtA.ssnacATioK. 

Th<? authors claim that the time has come when, 
in framing tariffs, .supply undertakings must take more 
accurate account than they have hitherto done of 
diversity factor, not alone of consumers but of the 
different classes of use which the consumers make of thcJir 
.supply. The importauce of taking diversity factor into 
account is realized when one remembers that the recorded 
maximum demand on the generators over a given period 
of time is always less than the aggregate demand of the 
consumer.^ during the same time, while the figures 
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r 

(a) At 45 ho 

UTS per quarter 


(6) At 30 hours per quarter 

(tf) At 22-6 hours per quarter 

At8d. 

and Id. 

At 8d. and id. 

At 8d. and id. 

At 8d. and Id. 

At 8d. and f d. 

At Sd.andid. 

At 8d. and Id. 

At 8d. and id. 

At 8d. and id. 

hours 

1 

2 

3 

4 

6 

6 

12 

24 

d. 

4-461 
2-731 1 

2-154 
1-846 
1-670 
1-576 
1-269 
1-144 

d. 

4-335 
2-648 
1-951 
' 1-671 

1-467 
1-347 
1-048 
0-899 

d. 

4-206 

2-354 

1-743 

1-426 

1-241 

1-118 

0-809 

0-666 

d. 

8-807 

2-163 

1-76 

1*56 

1-46 

1-42 

1-19 

1-09 

d. 

3-14 

1-94 

1-54 

1-34 

1-22 

1-14 

0-967 

0-864 

d. 

2*97 

1-76 

1-32 

1-11 

0-994 

0-912 

0-707 

o-coa^^e 

d. 

2-73 

1-86 

1-64 

1-43 

1-84 

1-28 

1-14 

1-06 

d. 

2-64 

1-64 

1-32 

1-16 

1-108 

1-04 

0-899 

0-769 

d. 

2-86 

1-43 

1-11 

0-968 

0-87 

0*800 

0-656 

0-677 
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indicating diversity factor in relation to the various 
uses made of the supply during each day have a wide 
range. Furthermore, the minimum number of units 
so charged will naturally vary with the character and 
size of works, the nature and class of the business, and 
the cost of coal, labour and other conditions and com¬ 
modities involved in the business. 

Under ordinary conditions equity calls for the division 
of the consumers into at least three classes, viz. factory 
and workshop, business, and domestic, and under these 
heads the examination of their various uses of the supply 
from the standpoint of diversity factor is interesting. 
Probably in numbers of cases they will work out approxi¬ 
mately as in the accompanying table. 


Class 

Lighting 

Power 

Heat 

Proportion of 
total output 

Diversity factor 

(A) Factory and workshop .. 

1 

2 

Nil 

per cent 

20 

1 1 

Say for a town of 
>less than 60 000 

(B) Business .. .. . 

1 

2 

3 

30 


(C) Domestic .. 

2 

3 

9 

60 

4-6. 

population 

Average .. 

ij 

n 

4 

100 

— 



Final average of (A), (B) and (C) =: 2-6. 


each consumer to increase the number of hours per 
day dtiring which he uses electricity, the secon^ry 
rate per unit must be low. Briefly stated, a tariff 
such as that advocated by the authors will give the 
strongest possible incentive to the consumers to increase 
their hours of use and decrease their maximum demand 
on the supply station. 

It will be clearly recognized that a simple and rapidly 
falling tariff as described constitutes the best possible 
stimulus for the introduction of additional electrical 
devices. Both the business man and the householder 
immediately begin to devise methods of long-hour 
use, and find it in many cases advantageous to introduce 
power absorbers of the nature of hot-water storage 


In the case of lighting in factories and workshops the 
diversity factor may seldom be more than unity, 
but in the case of domestic supply it is almost certain 
to be frequently more than 2. Similarly in the case of 
power in a factory the diversity factor may be less 
than 2, but in business premises it is likely to be more 
than 2. In the case of a present-day factory or workshop 
the amount of electric heating, which includes cooking, 
is so small that it may be neglected, whilst among the 
domestic consumers it is now fairly well established, 
and confirmed in Mr. S. C. Hurry’s recent paper before 
the British Electrical Development Association, which 
summarizes the replies from 20 public supply engi¬ 
neers, that the cooking load has a diversity factor of 
9 to 10. Thus the figure of 9 which we have taken 
is justified. By arranging the various uses of the 
different consumers we arrive at an average diversity 
factor of 2 • 6. 

Diversity factor is, however, not the only consideration 
in framing a tariff, as the load factor is very important 
from the supplier's point of view. To obtain a high 
load factor is the object which attracts us all, and an 
attractive tariff will help to improve the load factor 
both of the individual consumer and of the undertaking 
from which he obtains his supply. If, therefore, a tariff 
is arranged in which the standing charges are secured 
based on the demand required, and which also encourages 


not only for culinary and lavatory use but also for room¬ 
heating purposes. The authors suggest also that in num¬ 
bers of instances a sound case can be made out for the 
introduction and use of storage batteries deriving their 
charging current from the supply undertaking during 
the hours of light load and discharging their current on 
heavy load, thus keeping down the maximum demand 
and thereby reducing the number of units chargeable 
at 8d. In some cases by these and kindred devices 
it will*be possible to approximate to a 24-hour or 100 
per cent load factor and thus obtain the supply at an 
average rate not greatly in excess of the actual cost of 
production to the supply undertaking. 

This means that a considerable proportion of the 
capital-outlay burden will be transferred from the supply 
undertaking to the consumer; to the consumer it will 
mean vastly improved social amenities in the shape of 
automatic hot-water supply, thermostatically controlled 
room-heatihg, ample light at cheap rates, electric cooking, 
washing and other labour-saving devices, while to the 
manufacturer it will mean a greatly increased demand 
for his commodities with growing prosperi-^ and happi¬ 
ness all round. Incidentally, but by no means an 
insignificant item, in big towns and cities it will secure 
a clearer and largely fog-free atmosphere. 

[The discussion on this paper will be found on page 
856.] 
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ELECTRICITY SUPPLY TARIFFS. 

By H. M. Sayers, Member. 

(Paper received 9M March, and read before The Institution 2nd April, 1926.) 


Summary. 

The paper deals with tariffs for domestic supply. 

A rational and practicable basis of charging is .:—^st, 
plus a reasonable return on the capital employed. 

Distribution costs are very heavy; their reduction requires 
njore attention than it has received. 

Copper cost ” of distribution is largely (and generating 
cost somewhat) dependent upon the form factor (shape of 
load .diagram), as well as upon the load factor of each section 
of a distribution S 5 ^tem. This and other distribution costs 
do not follow the same laws as the costs of generation in 
respect to load factor and form factor. The cost of units 
unaccounted for increases at each step ; it is necessary to 
measure them, and to take the necessary steps to reduce 
them to a minimum. A good load factor in one section does 
not compensate for a poor load factor in anotlier. 

. The consumers on any distribution network could be 
commercially charged a uniform flat rate determined by 
their aggregate load factor (i.e. taking into account the 
diversity factor among themselves), but this would penalize 
some to the advantage of others. 

The suggestion is that domestic tariffs shpuld consist of a 
number of flat rates, based on a classiflcation of consumers 
according to their loads and their class diversity factor and 
load factor. This will encourage domestic loads of a desirable 
nature. 

A limitation of lighting loads in proportion to other loads 
may be necessary at present, but domestic lighting will 
probably cease to be a predominant feature of the peak 
loads, as cooking, heating, and other domestic uses become 
more general. 


This discussion of electricity supply tariffs i^sumea 
that a rational, practical tariff must be based upon 
costs. 

The principle of charging on the basis of the value of 
the service (what the trafiftc will bear) can be foUowed 
only to a very limited extent in the case of a public 
utility service carried on in the presence of competitive 
agencies and under statutory regulations which forbid 

preference ** and fix maximum prices. 

A second assumption is that it is an obligation of a 
statutory undertaker to meet the demands of the 
public to the ^fullest extent practicable—subject to 
obtaining a reasonable remuneration for the capital, 
skill, and labour employed in giving the supply. This 
obligation is rather explicit in the law relating to 
electricity supply. 

The practice of basing tariffs upon costs is widely 
adopted for supplies to factories, etc., and for traction 
and bulk supplies to authorized distributors. It is 
shown by the prevalence of coal clauses, two-part tariffs, 
power-factor charges, and, in many contracts, by pro¬ 
visions for the periodical revision of prices, subject to 
arbitration, where the arbitrator can do no other than 


satisfy himself what is the cost of the supply, including 
capit^ charges and a reasonable profit. 

In these large-consumer classes an upper limit of 
price is given by the cost to the consumer of generating 
his own supply, including in the cost the consumer's 
estimate of the cost of the capital invested, space 
occupied, additional cost and trouble of management; 
while the prohibition of preference means that large 
consumers generally get the reflected benefit of those 
who are best placed to produce for themselves. For 
such industrial consumers the load conditions can be 
ascertained pretty closely, and the consequent cost of 
the supply can be estimated with fair accuracy. The 
practice has met with brilliant success. 

For domestic consumers in general the case is very 
different. The individual capital costs of services and 
meters, and of working costs such as meter reading and 
maintenance, accounting and collecting, are relatively 
high—highest for the smallest consumers. Tire load 
characteristics of domestic consumers vary widely. 
They are all lighting consumers—^the majority nothing 
else—^but electric ironing, cooking, heating, wasliing, 
and small-machine driving are being slowly adopted, 
and the load characteristics vary with the extent to 
which these other uses prevail, 'y^ich tariff (or tariffs) 
to adopt for such domestic supplies is the important 
question to-day. 

Accepting the principle that a rational, remunerative 
tariff—or tariff scale—^must be based on costs, it is 
proposed tq examine the elements of the cost of supply 
and how these vary with load characteristics; and to 
submit that a tariff based on a classification of domestic 
consumers by their class load-characteristics will attract 
consumers, improve the general load character of the 
undertaking, increase the return on tlie invested capita 1 
and meet generalTpublic interests. 

At present, domestic supplies are mainly for lighting. 
Where the load is of this character the load factor is of 
the order of from 10 to 12 per cent; or the yearly 
output is the equivalent of the maximum demand used 
for from 900 to 1100 hours per annum. Under these 
conditions the capital charges of a municipal under¬ 
taking—which includes the minimum guaranteed return 
that will attract capital—^are generally greater than the 
working costs. In such a case, to raise tlie load factor 
of the system from 10 to 30 per cent will reduce the 
costs per units sold by at least one-third all round, and 
probably more. 

The influence of load factor upon generating costs 
has been studied in great detail, and it is well known 
that for any given station the curve of costs plotted 
against output in a given period resembles the Willaus 
steam-consumptkju line for a particular engine, or the 
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Parsons coal-consumption line for a particular battery 
of boilers. It is a straight line which cuts the cost 
axis at some amount per period for zero output. If 
this is tested for any station it will be found that the 
intercept on the cost axis for zero load is not constant; 
it varies with the maximum load reached during the 
period. For example, the zero output cost in June 
will be lower than in December for any British station 
with a predominant lighting load; lower in gross 
amount, but higher per kilowatt of maximum demand 
and per unit sent out. For a station with a predominant 
industrial demand, but still getting its peak in mid¬ 
winter from superposed lighting and factory loads, the 
June zero-output cost-intercept is also lower than the 
December figure, but the costs per kilowatt of maximum 
demand and per unit sent out are lower. 

The capital charges per period do not vary with 
either the maximum load or the output. They are a 
constant addition to the zero-output working-cost. 

Some other points about generating costs which it is 
necessary to make here are : First, that wliile generating- 
station costs are not directly affected by diversity 
factor, but by the load factor which is the resultant of 
all the loads and the diversity factor among them, yet 
the diversity factor does affect tlie correct allocation of 
station capital charges to different loads, A very 
simple (and quite unpractical) example is, that if each 
of four consumers gives a station load of 1 000 kW for 
6 hours per day without overlap, each of the four 
should pay one-fourth of the capital charges (including 
profits) proper to a load of 1000 kW; whilst if one 
consumer gives a station load of 1 000 kW for 24 hours 
every day, he should pay the whole of the capital 
charges on 1 000 kW. A uniform kW charge in a two- 
part tariff would not be equitable as between the two 
cases. As a more practical example, an ice-making 
plant which runs only during the summer months 
may be equitably debited with, say, half the annual kW 
charge relating to the station, the other half being met 
from, say, the heating load utilizing the same generating 
capacity in mid-winter. 

The effect of load characteristics upon distributing 
costs has not been scrutinized so closely as the effect 
upon generating costs. It is more complex, and the 
elements necessary for evaluation are not so readily 
ascertained. The subject requires greater consideration. 
The fact that distribution costs and charges are often 
from two to four times the costs of generation per unit 
sold shows that there is ample room for investigation 
and improvement. 

The relations between distribution costs and load 
characteristics are not of the same form as those between 
generation costs and load characteristics, and they are 
different for different parts of the distributing layout. 
For example, let us take the ohmic losses in the mains. 
Any main has the maximum physical efficiency of 
100 per cent at the useless load of zero, when its com¬ 
mercial efficiency is negative; whereas the physical 
efficiency of generating plant is zero at zero output, 
and a maximum at some load not far from that of 
maximum commercial efficiency—^the largest output 
rate which can be carried without damage to any part. 

The maximum commercial efficiency of a main is 


given by the Kelvin relation. Ohmic losses vary with 
the square of the instantaneous load. Consequently^the 
distribution of the loads in time has a large influence 
upon their proportion to the energy delivered, and 
upon the loading for minimum cost per unit delivered. 
If a given number of units is delivered through a given 
main in a given period—^say one day—^to a steady load 
lasting 6 hours per day, the rate of ohmic losses is 
16 times as great as for a steady 24-hour load giving 
the same delivery; or, in other words, the units lost in 
transmission will be four times as great in the 6-hour 
case as in the 24-hour case. 

Increased transmission cost due to the lower load 
factor cannot be entirely avoided by increasing the 
copper section of the main. For suppose that the 
copper section complies with the Kelvin relation for 
the 24-hour steady load (i.e. copper capital charges 
equal the cost of the losses), then to maintain that 
equality the copper section must be doubled for the 
6-hour load, when the ohmic losses will also be double 
those for the 24-hour load. So the maximum trans¬ 
mission economy for the 6-hour load will give double 
the cost per unit delivered of the 24-hour load, for both 
copper capital charges and ohmic losses. 

Applying tliis to the hypothetical comparison of one 
consumer giving the station a 1000 kW load for 
24 hours, with four consumers each giving that load 
for 6 hours per day •mthout overlap, it appears at once 
that the distribution costs in the two cases can only be 
identical if all four consumers are supplied through the 
same length and size of main as the one consumer, and 
that the four services are taken from the same point. 
Suppose that they are not so located but that a main 
has to be laid to each, of the same length as to the one 
consumer. Then each main will have a 26 per cent 
load factor. It will, if designed for maximum economy, 
have ha lf the copper section and twice the ohmic losses 
and voltage-drop of the economic main for the single 
24-hour consumer ; so that the total copper employed, 
the capital charges upon it, and the annual losses in 
the four mains, will each be twice as great as for the 
main supplying the 24-hour consumer. Hence the kW 
charge qua distribution for the 26 per cent load factor 
6-hour consumers should be twice that for the 100 per 
cent load factor 24-hour consumer. 

It will be seen that if the condition postulated 
of equal load at the station busbars is observed, the 
units sold to the four consumers will be fewer than the 
units sold to the one, by the difference in mains losses ; 
or, if the units sold are the same, the station load and 
the units generated will be greater for^the four 6-hour 
consumers than for the one 24-hour consumer. The 
station costs per unit sold will be greater for the four 
than for the one, and the extra cost is 3. distribution 
cost, though shown in the station expenditure. 

The extra station cost could be avoided by making 
each of the four maius the same size as the one 24-hour 
main. Evidently the capital charges on the copper 
would then be four times as great per unit sold, instead 
of twice as great, and the mains losses would be kept 
at the same amount; in other words, instead of equality 
of the copper ’ capital charges and the cost of copper 
losses, the capital charges will be four times the cost 
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of the losses, and the total of the two will be in the 
raf^o of 5 to 2, compared with the total for the single 
24-hour consumer, instead of in the ratio of 4 to 2 with 
the correct economical section. 

This example illustrates the fact that diversity factor 
among loads has its full effect on the load factor of the 
station supplying them, but it only improves the load 
factor on the distribution side if the diverse loads are 
supplied through the same mains. The cost of distribu- 


they may occur) and the maximum of the combined 
loads. If the individual maxima are simultaneous the 
ratio is unity. If they are not simultaneous the com¬ 
bined maximum will be less than the sum of the indi¬ 
viduals, and the quotient of the larger divided by the 
smaller quantity will be greater than unity. The 
combined load factor is equal, to the separate load 
factor multiplied by this ratio—^the diversity factor— 
where separate load factor means the ratio of the units 



tion through any one feeder or section of a distribution 
system with a 10 per cent load factor is not in the 
least reduced by the existence of other sections enjoying 
a 60 per cent load factor. But if a number of sections 
are supplied through one feeder, the load factor of the 
feeder will be the better for any diversity factor existing 
between the sections. 

Diversity factor between loads means a difference in 
the time incidence of the individual maxipium demands. 
Wum^'cally it is the ratio between the sum of the 
individual maximum loads (whatever the time at which 


delivered during a specified time to the product of the 
sum of the individual loads and the time. 

The costs of transmission depend upon the form of 
the load diagram as well as upon the load factor. It 
may indeed be said that the form factor is the more 
important. For any load factor the worst condition 
for cost of transmission is that of a steady load for the 
load factor percentage of the load period, and zero load 
for the re m ai n der of the period, i.e. a rectangular load 
diagram standing;^ on the zero line. A 26 per cent load 
factor will be sho^n by a load diagram with a steady 
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load for 6 hours per day and no load for 18 hours per 
day, when the transmission costs per unit delivered will 
be twice as great as for a steady 24-hour delivery, or 
100 per cent load factor. For any load factor whatever, 
the maximum multiplier or '' form factor is the square 
root of the reciprocal of the load factor. For any time 
distribution of load other than that represented by a 
rectangular load diagram—^maximum load or no load— 
tlie form factor lies between that maximum and unity, 
but can only be unity for 100 per cent load factor. 
The average load over the whole periodic time multiplied 
by the form factor is the R.M.S. load, and is the value 
to be used for finding the most economical copper 


geometry of the triangle, the slopes on either side of 
the ape!x may be any pair fulfilling the condition that 
they cut the time base 12 hours apart and meet at four 
times the average load taken over 24 hours.) 

Actual load diagrams are rarely of simple form and 
it is therefore generally necessary to measure, square, 
and take the mean square of a sufficient number of 
ordinates, in order to get the form factor; so that to 
calculate economical copper sections one must possess 
or forecast a load diagram. 

Calling the ohmic losses the working costs of the 
main, both the copper capital charges and the working 
costs increase as the R.M.S. load, which is quite different 


Table of Load Characteristics for Different Load Diagrams, all Giving 25 per cent Load Factor.* 

(See Load Diagrams in the Figure.) 






R.M.S. or 


Voltage-drop 

at top load 



No. 

of 

' curve 


Description of load 

Mean 

square 

factor 

form factor 
multiplier 
for 100 per 
cent load 
factor 

Load factor 
of losses 


Generating 
capacity 
for top-load 
losses t 

Daily loss f 





copper costs 


assumed 

constant 



1 


^ 12 hours 0 to 4 times average load .. 1 

^ 12 hours 0 load ,. .J 

2-66 

1*63 

per cent 
16*6 

per cent 
12-26 

kW 

245 

units 

978 

2 

-1 

^9*6 hours 0* 25 to 4 times average load \ 

2*313 

1-521 

14*5 

13*2 

263 

913 



L 14 • 4 hours 0 • 25 average load .. ,. J 

3 


" 8 hours 0 • 4 to 4 times average load .. 1 

L 16 hours 0 • 4 average load .. .. j 

2-084 

1*44 

12*96 

13*9 

278 

864 

4 


r 6*857 hours 0* 5 to 4 times average load 1 

L17 • 143 hours 0 • 6 average load .. .. J 

1-917 

1*384 

11*97 

14*5 

289 

830 

5 


r 6 • 647 hours 0 * 6 to 4 times average load \ 
L 18 • 353 hours 0* 6 average load .. .. J 

1-67 

1*292 

10*41 

16*5 

310 

776 

6 

1 

r 3 hours 0 * 8 to 4 times average load .. *\ 
^21 hours 0 * 8 average load .. .. / 

1-386 

#1*177 

8*65 

17*0 

340 

706 

7 

1 

1»648 hours 0 * 9 to 4 times average load \ 
1 22 * 462 hours 0 * 9 average load .. .. J 

1-197 

1*094 

7*47 

18*3 

366 

656 

8 


^ 6 hours 4 times average load .. .. "i 

^ 18 hours 0 load .. .. .. .. j 

4-0 

2*D 

25-0 

10*0 

200 

1 200 


• The table shows that as the copper section is diminished in relation to the maximum load, with falling term factor, so as to keep coppa Mpital charges 
and losses costs equal, the voltage-driTO and capacity to mebt it at top load increase. The simple Kelvin relation upon which the table is worked assumes that 
all units lost have a uniform value. Iney dearly have not, as their cost must increase as the load factor of the leases decreases—or as the plant capadty needra 
to keep up the voltage increases. In any actual case this effect is diminished if there is a diversity factor among the feeders. The simplest form of coCTection to 
the simple Kelvin expression is to take a higher cost for the lost units. If boosting is needed, the lost units must be given the proper higher value inducting capital 
charges, etc., on the booster, or its equivalent. , , , 

t. xhese columns give the comparative daily losses for a daily delivery of 12 000 units in every case, based upon those for 100 per cent load factor, i.e. for 
a steady load of 600 kW delivered, and the additional plant required at the peak load to keep the delivery voltage constant. .x i 

For the 100 per cent load factor the losses are takm as 6 per cent of the units delivered, or.000 units per day: tlie plant capacity 6-5 kW, For the 
25 per cent load factor the peak load is 2 000 kW delivered, and the plant capadty at the peak 2 000 kW, plus the amount given under the heading Generating 
capacity for top-load losses.’* • 


section, from tlie Kelvin current density ** calculated 
for 100 per cent load factor. 

To show how form factor varies with the load diagram 
for the same load, factor, say 25 per cent, let the load 
diagram be triangular, rising from zero at a uniform 
slope to four times, the average load, and falling again 
at a uniform slope to zero. The time base of the 
triangle will be half the duration of the period; say 
12 hours per 24 hours. The mean square value will 
then be 2*66 times the average over the 24 hours, and 
the form factor V(2*66) = 1*63, insite^ of the values 
4 and 2 for the rectangular load diagram. (From the 


from the relation between the capital and running 
charges of the generating plant for various load factors. 

For any but the rectangular load diagram the load 
factor at the dehveiy end of a feeder is higher than the 
load factor at the station end, because the load factor 
of the losses is lower than that of the useful load. Also 
the maximum losses are an addition to the peak load 
and add to the station capital chargeable against the 
units sold through the feeder. The total or combined 
peak load of distribution losses takes up part of the 
station capacity and diminishes the pa 3 dng load wliich 
can be supplied from the station. This loss of plant 
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capacity is allocated to particular feeders in proportion 
to ^heir individual peak loads, and inverse!/ as the 
diversity factor among them, or the maximum load of 
each divided by the diversity factor. 

The diagrams and table on pages 852 and 863 illustrate 
these points. The load factor is 26 per cent in all cases, 
but results from different load diagrams, these being 
of simpler form than are usual in practice, for ease of 
calculation. The last two columns of the table are of 
actual kW and unit values for the following. assumed 
conditions: That the load diagram is for 24 hours; 
that the feeders are of equal length and each delivers 
12 000 units in the time; and that the " Kelvin current 
density '' for 100 per cent load factor (a steady 24-hour 
load of 600 kW delivered) gives a drop of 6 per cent of 
the delivery pressure, representing copper losses of 
600 units per day. The other columns give relative 
figures. 

One could go on to show how the capital charges and 
running costs of transformers, converters, switchgear 
substations and the like vary with the load factor and 
the shape of the load diagram. It must suffice to say 
that in every case there is a large proportion of the 
total annual charges which is fixed by the maximum 
demand -upon each item, and is consequently shown in 
the cost per unit as inversely proportional to the load 
factor; also that this proportion is individual to each 
section of a distributing layout, so that there is no 
compensation for a badly-loaded section by the existence 
of better-loaded sections. It is only the feeders, sub- 
stafions, etc,, feeding, a number of distributing sections 
that get the benefit of diversity factor. Generally 
the copper sections of the ultimate distributors to 
which consumers' services are connected have to be 
determined by voltage variation rather than by 
economy; hence the capital charges will depend upon 
the maximum loads (strictly, the integrated producjf of 
loads and distances at the peak loads) and the distances 
between the feeding points and the most remote ser¬ 
vices. The losses will still be those corresponding to 
the R.M.S. loads. 

Enough IjLSis been said to show that the relations 
between costs per unit sold, load factor and form factor, 
are not alike for generation and distribution; the latter 
are more complex, and more affected by the load 
characteristics. 

Distribution losses (''units unaccounted for") are 
paid for in the generation costs. Generation costs 
" per unit sold " include these distribution costs, a fact 
not always recognized, which makes the comparison of. 
station costs ij^pon the " units sold " basis quite mis¬ 
leading where the distributing conditions are not equal. 

Cost per unit sent out is the onlyi fair basis for deter¬ 
mining station economy; the commercial efficiency of a 
station has no definite meaning where sales are effected 
through a distributing system which puts its lost units 
to the debit of the station. 

The value of the distribution losses per unit increases 
at each link in the chain between the station busbars 
and the consumers' terminals. The units delivered by 
a feeder cost more than those delivered to it, by the 
sum of the losses and the capital charges on the feeder. 
The units delivered by converting plant to direct- 


current distributors cost considerably more than the 
units taken from the alternating-current feeder, by the 
sum of the losses, capital charges, and attendance costs 
of the converting substation. The cost of the losses in 
the distributors is the cost of the units delivered to 
them, which is . greater than the cost per unit sent out 
from the station. This greater cost should be used in 
calculating economical copper sections for each stage. 
Most costly of all are the units lost by defective meter 
registration. Their value is tlaeir selling price, for they 
are consumed and not paid for. 

For the reduction of distribution costs a much larger 
use of measurement is necessary. It is impossible to 
control distribution losses, with due regard to economy 
of capital, unless one knows their magnitude at each 
stage. Reduction seems necessary, when it is realized 
that there are systems where the units sold are about 
66 to 60 per cent of the units sent out. 

This disquisition on distribution costs is entirely 
pertinent to the question of tariffs for domestic supply, 
first, because the total of distribution costs, capital 
charges and losses is a serious element in the total cost 
of supply, and secondly because load characteristics 
affect these costs more, and not in the same way as 
they affect generation costs. 

This can be shown by considering how tlie costs per 
unit sold are made up. Start from the consumer's 
terminals. To give a supply capital has been s^ent by 
the undertalcer upon the service cables, meter, supply 
fuses, layng, jointing and fixing. This is individual to 
the consumer, and on that capital the consumer should 
pay a certain annual percentage. The outlay, on the 
average length of service, can be represented by some 
minimum cost, plus an amount roughly proportional to 
the declared or connected load. This item of the 
charge might be included in a connected-load cliarge, 
which should go by steps and would b6 appropriately 
included in a "meter rental" charge. If it is dis¬ 
tributed over the charge per unit, evidently it should 
vary inversely as the individual consumers' load factors, 
which is equivalent to making it an element of a kW 
charge in a two-rate tariff of the usual kind. But the 
kW figure for this item of charge should be the number 
of kilowatts of declared or connected load, not the 
estimated or observed maximum demand. 

The next step is the distributing main to which the 
service is connected. It will generally serve a number 
of consumers. How is the annual cost of it to be 
allocated between them ? 

Any distributor with any load distribution along it 
can be reduced to an equivalent main of the mean 
length, supplyng a load at its end which is the equivalent 
in magnitude, units delivered in a given period, and 
load diagram, to the aggregate loads of all the con¬ 
sumers served. The maximum load is the sum of the 
individual consumers' maxima divided by the diversity 
factor among them; and the load factor of the dis¬ 
tributor is the ratio of the total units delivered, to the 
product of that combined maximum and the hours 
covered by the period. 

The capital cost taken must evidently be that of the 
actual distributor; for though the equivalent main 
should have thS *3ame copper cost, it will generally be 
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shorter, and the cost of laying depends upon the length 
and other circumstances. The copper cost and the 
losses will be determined by the permissible voltage 
variation between the feeding point and the most 
distant services. 

The same process should be followed back through 
feeders to distributors, substations, feeders to substations, 
etc., which will give as a result the total cost per unit 
delivered at any particular feeding point, including the 
capital charges and the cost of the losses. At each 
converging point of different loads, the benefit of the 
diversity factor between the constituents is taken into 
account, and the costs of labour, etc., added. 

Evidently the cost of the units sold through the 
particular ultimate distributor in the course of a year 
is made up of: 

(a) The cost of the greater number of units delivered 
to the distributor, including all the capital charges and 
the cost of the losses up to the feeding point. 

{b) The capital charges on the distributor. 

(c) The capital charges on the services, meters, etc., 
and the cost of meter-reading, etc., for all the consumers. 

It has already been suggested that (c) should be 
charged to the individual consumers as a meter rental, or 
it may be as a charge per kilowatt of connected load. 

The total of {a) and (6) divided by the total units 
sold gives a sum per unit, which with a reasonable 
additicni for profit—^unless profit is included in the 
capital charges at each step, which is the sounder 
way—^is a proper average price for all the consumers. 

This is a '' flat rate," which, however, includes a 
kW charge based upon the aggregate load factor, an 
average ch^ge per kilowatt of the individual consumers' 
maximum demand divided by the diversity factor 
among them. It is really treating the whole of the 
consumers on that distributor as a single consumer, 
and charging that consumer a maximum demand rate, 
plus a unit rate. This would be quite equitable if all 
tlie consumers had similar load characteristics;, but if 
some have large peaks at the time of aggregate peak 
load, and low load factors, and some have more favour¬ 
able loads, the good would be paying for the less good 
and would have some reason to complain. Also, the 
price would be higher than necessary for the gbod, and 
too low for the less good. <» 

Such a calculation does, however, permit of the deter¬ 
mination of flat rates for hypothetical groups of con¬ 
sumers with similar load characteristics, and an assumed 
load density (kilowatts per unit length) along a dis¬ 
tributor. The resulting fiat rates will be minima for 
each class of consumer investigated, which must be 
loaded to meet the fact that consumers will not usually 
be in groups of homogeneous load characteristics. 

The practical application of the method which the 
author suggests for arriving at tariffs for domestic 
supply is, first, to classify consumers by their load and 
diversity factors. The best basis for this is observation 
of selected groups with similar proportions of connected 
load for different uses. Something of this kind has 
already been published, for example in Mr. Gillott's 
paper on " Domestic Load Building," * and very likely 
more has been done but not published. ^ 

♦ Journal 1023, vol. 61, p! 197. 


Mr. Gillott's paper showed that in a homogeneous 
group bf consumers using cooking apparatus ^e 
diversity factor was about 9, so that the kW charge to 
them would be properly one-ninth of the individual 
maxima. He also showed that this charge would be 
fairly well represented by charging the lighting rate 
for their lighting consumption, and a much lower rate 
for the rest. 

There are many tariffs in use based upon the same 
idea—" telephone," rateable value, floor area, quarterly 
charges per lamp of unit wattage installed, and others— 
all endeavouring to flx a basis which represents a kW 
charge. Very generally the underlying notion is that 
lighting is the measure of the peak load to be charged 
for on the kW rate for dome^ic supplies. This notion 
may be generally correct at present, but the author 
suggests that the domestic lighting load will become of 
diminishing importance as " other uses" become 
generalized. Many of tlie two-part domestic tariffs 
referred to above are difiScult to justify on any logical 
ground; and smaller householders are repelled by an 
obligation to make relatively large fixed periodic pay¬ 
ments. Tariffs which permit the use of prepayment 
meters are indispensable to the generalization of domestic 
electrification. 

As there will be for a long time to come—^perhaps 
always—considerable differences between the load 
characteristics of domestic consumers living in the same 
districts, it will not. be correct to use the minimum 
rates worked out on the hypothesis of homogeneous 
groups on each distributor. The actual rates will have 
to be higher than these minima, because each class, 
scattered over the supply area and mixed up, will not 
be the equivalent of a single consumer. 

The practical method of classification can be worked 
out only for each supply area, because local habits and 
customs, prevailing industries, etc., ■will have their 
effects on the load characteristics. The general method, 
the author suggests, should be to ascertain the load 
characteristics of consumers with various proportions 
of lighting, cooking, heating, motor, etc., appliances, 
and from •^ese observations define the classes and fix 
the rates. 

Some things must be averaged. It is not practicable 
or legal to make differential charges depending upon 
the distance of consumers from the generating or bulk- 
supply source, so that an average distance and cost 
must be taken. There is the legal prohibition of 
"preference" to be observed; hence (Merent flat 
rates must be based upon defensible differences in 
circumstances. 

For the immediate future it may be advisable to 
limit the maximum lighting demands ^of domestic 
consumers under these tariffs. There are various forms 
of limiter available. Generally, in smaU houses the 
lighting circuit is bound to be separate from the cooking, 
heating, etc., circuits, so that the use of current liimters 
is feasible. One rather attractive proposition is to 
connect the lighting to the circuit supplying a heat- 
storage tank, with a limiting switch to turn off the 
heater as soon as more than one or two lamps are in 
use. This would make the fighting part of a load 
with 100 per cent load factor. Current limiters and 
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the like cannot be discussed here, but a condenser in 
thft lighting circuit on alternating-current distribution 
has attractions. 

The object of this paper is to show:— 

(1) That the present heavy ratio of distribution to 
generation costs can be materially improved by im¬ 
proving the distribution load factor, especially by 
improving it all over any supply area. 


(2) That it is necessary to keep control of distribution 
economy by measurement, and to apply the known 
principles of economic design to distribution networks. 

(3) That tariffs recognizing load factor and diversity 
factors of domestic consumers by classes are practicable 
and will attract the most desirable domestic load, 
thereby improving the utilization of distribution systems 
and permitting progressive reduction in supply charges. 


Discussion before The Institution, 2 April, 1926. 


Lieut.-Gol. W. A. Vlgnoles : Surely all the electric 
supply undertakings in this country must by this time 
have realized tlie necessity for developing the domestic 
load, and have already provided some sort of tariff to 
encourage it. If that is so, why are we once more 
discussing this question of tariffs ? Having come to 
the conclusion that this discussion was not required, 
I examined some statistics which had been given me, to 
see whether my contention was justified. I find that 
out of 260 towns, 144 are using multi-part tariffs, and 
as regards other activities 117 are hiring out apparatus, 
and 109 have showrooms. ■ The figure 144 is somewhere 
about 60 per cent of the total, and this seems to show 
that I am wrong and that there is still need to discuss 
this question of tariffs. What is actually required, 
however, is more internal propaganda to convince the 
supply undertakings tliat it is time they pushed 
the sale of electricity for purposes other than lighting 
and adopted one of the tariffs which can be explained 
to the consumer in an easy manner. 

Mr. Sayers’s system is essentially a series of flat rates, 
but surely this will be impossible to work. A consumer 
has electricity for lighting purposes, and he begins to 
use it for some otlier purpose. As he does so he will 
go from one class to another class, and will never be 
able to tell which class he is in, and the man who is 
trying to sell him electricity will not be able to tell 
idm. Tariffs cannot be devised scientifically to provide 
a revenue exactly in agreement with the cost of supply¬ 
ing a particular consumer; it is only possible to get a 
rough approximation. 

Messrs. Wilkinson and McCourt have gone back to 
the complicated system of Mr. Wright, of so many units 
at a high figure and so many units at a low figure. 
Because no one could 'ever make the consumer understand 
how many units he ought to have at the high figure and 
how many at the low figure, the system was given up. 
The present authors complicate it still more by giving 
the consumer so many units at 8d., so many at Jd., 
and then switching him back to a third rate of 6d. 
Further, this necessitates a special piece of apparatus 
which supply undertakings cannot afford if tlaey are 
going to sell electricity on commercial lines. There are 
thousands of consumers in each town, and it would be 
impossible to substitute this special meter for all the 
existing ones. We must have a tariff by means of 
which a consumer can be charged according to the 
reading of a single meter. A more serious objection 
to the authors' system is that it is based on tlie con¬ 
sumer’s maximum demand for all purposes. The con¬ 
sumer is therefore not getting the benefit of the diversity 
factor between one consumer and anoiker. 


The more I study these two papers the more I come 
to the conclusion that the only practical tariff is a 
straightforward two-part tariff. It must be such a 
tariff that tlie salesman can go to the consumer and say 
" Your first charge is so much per annum; in addition 
to that you will be required to pay so much a unit for 
the energy which is metered.” The running charge 
should be the lowest possible figure—Id., £d. or Jd., if 
it is possible to get down to that—^but it certainly should 
not be more than Id. I am quite certain that this is 
the system which will eventually be used— a, fixed first 
•‘charge and a low running charge. This has been proved 
in many irowns to be a good selling tariff. The consumer 
understands it, and thousands of consumers are already 
on it. The Electricity Commissioners are anxious 
about tariffs which can be made compulsory without 
giving the consumer the option of going on to a flat 
rate. Wliilst a rateable value tariff is quite satisfactory 
in some towns—^it is in mine—^it cannot be said that 
18 per cent on the rateable value in one town is the 
same ais 18 per cent on tlie rateable value in another 
town. All that one can say is that 18 per cent on the 
rateable value in such and such a town produces an 
amount of money which covers the standing charges, 
and perhaps 20 per cent would be required in another 
town to cover them. I quite admit that it is difficult 
for a Government Department to have to make such a 
tariff compulsory, but this difficulty will no doubt be 
overcome by the Committee which I understand is 
being formed. I think they will find some method of 
fixing tliis first charge; I should like to say, however, 
that whilst the Grimsby undertaJdng was the first to get 
powers to enforce such a tariff, we have not enforced 
it. We rely onr a high flat rate to encourage people 
to come on to the rateable value system, and we shall 
only ask the Commissioners to appi’ove a compulsory 
tariff in special cases, or in cases where we go out into 
the rural districts, where it means possibly a large 
capital expenditure for each consumer. I do not think, 
however, that we shall ask for any such special tariff for 
the town supply. 

I maintain that this tariff problem is settled, and 
that the sooner we get on with tlie selling of electricity 
on a two-part tariff the better it will be for the industry. 
I believe that a good deal of this discussion on tariffs 
has arisen from the fact that many engineers in supply 
undertakings think that they can sell electricity by 
devising a tariff. I bold that that is entirely ivrong; 
it is impossible to sell electricity by a tariff only. 
I am quite sure that all the engineers of the big, 
successful undejFt^akings are of the opinion that the 
only way to sell electricity is to do so by means 
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uf silesnuMt. llit* lariil keinj* a part only of his equip¬ 
ment. 

Captain %T. M, Donaldson : Flat rates have proved 
in llie past lu he exceedingly unfair either to the con 
^anner ur to the supplier, and it is very diiHcnlt to see 
how tlu‘y can he ulluTwise than unfair. Mr. Sayers's 
plan td .selecting aiul gratling his consumers raises 
auollier very practical dithcuUy that sonic individual 
will have to make the seh‘cliou, aiul this will bo a thank¬ 
less job. The maxinunn-tleuiand system, which has 
been spfiken id rather scathingly by ('ol. Vignoles, hut 
which, after all, is the basis of all the tarilT.s wc use, 
is useless fur din*ct upiilication to a domestic load. One 
cannot, with any commercial hope of success, apply 
any tarilf tkqieiuling on the demaml which a heater or 
cooker may put tm the mains at any time, as it is im- 
jiossilile to sjHH’ify what that time will be. The demand 
is relatively .so large in i:omparison with the lighting 
demaml (hat no single tarilf will lit both. 

I foniul the results given in Messrs. Wilkinson and 
Mc<'onrt*s paper rathm* dilhcult t<> undcr.stand, becau.se 
it set?ms to me tliat unle.ss the device is applied only 
lt> the lighting circuit, ami unless the lighting circuit 
is kept absolutely distinct from the power circuit (which. 
<d course, is a mistakes in some cases at any rate), a 
cimsnmer is houml to get on to what 1 may call the 
" penal rate every time a t'ooker or heater is used, 
'riie charge of Hd. mn.st he based naturally tm the 
demand for lighting, and tpiile proiierly cd cemnse; 
hut as siion as ever a heater or cooker is put on it is 
hound to switfdi tlie meter on to tlu' ** penal rab*. and, 
so far us 1 can sec?, the consumer will luul a dilllculty 
in gcdling oil it. Home ligures which I took out showed 
that in an cud inary case the price per unit on the lirst 
si'ale would probably be about Jl^d. fc»r lu?ating or cooking. 
On jiage the authors sugge.st that the imfortimaic 
Consumer is going to be asked it» install storage batteries 
t«i his premises to take? the load at odd times and charge 
up. Whilst this would no doubt be welcomed by the 
supply und(*iiaktug, T iliink that the t?xpt?rience gained 
by peofile since ibe introduction of broadcasting has 
not rendered the storage battery very popular. It 
really ciimes to this, I think - that it is necessary to have 
a two-part tarilf with a fixed rale, and a low rate at 
which current can be oldained for any purpose. It 
is cpiiie true that it is not desirable that tlic heaters 
which are installed nowadays shouhl be c»»nnected to 
the lighting circuit; it woukl hardly he practicable, 
At the same time there is a gn*at rlc?a1 (d other apparatu.s, 
such as iroms and toasters, and even bowl tires, which 
can very cunvenienlly and clu?aply be put on to the 
lighting circuit. Therefore any tarilf which entails 
separate pf>wer and lighting circuits is really a back¬ 
ward step. As far as the fixed part of the tariff is 
concerned, it will really lie based on the maKitnum 
demand for lighting, and if this can ha arrived at in a 
convenient manner it is better to do so, because the 
rateable value is only arbitrary, and door space etiually 
so, people having different if leas of how they propose 
to light their homes. My preference is for a system 
in which the fixed charge is hanatl on the? lighting demand, 
or rather on a fixed proportion of the Ij^hting w^attage 
installed. My experience is that such^'a system works 


very well, except in those cases wdiere a large number 
of decorative lights are used. Such cases can, however, 
always be dealt with by making a lest which indicates 
exactly what the demand is normally at any one time, 
and basing the tarilf on that figure. It appeal's to me 
to 1)0 (jiiite useless to attempt to base a demand charge 
on the heating and cooking load, because no one knows 
how it will work in practice ; anrl unless an undertaker 
can tell a consumer that it will only cost so much per 
hour to run, say, a heater, 1 am afraid that the con¬ 
sumer will look upon him with suspicion. If there is a 
Hat rate, however, and a fixed charge depending only 
upon the lighting, then of course it is pos.sible to say 
definitely what it will cost to run the heater for an hour. 

Mr. J. R, Blaikie; Mr. Sayers states that the 
cost of mains is from two to four times the cost of genera¬ 
tion, but 1 think that that figure calls for some sub¬ 
stantiation. Col. Vignoles seems to think that electricity 
cannot be sold by means of tariffs, but in my opinion 
the whole history of (.‘lectrical development has shown 
the immense value of tarilfs. Dr. Hopkinson set out 
to rt?duce the cost of electricity below that of gas, and 
he dill so entirely by what is known as the two-part 
tariff. If wc had not had the advantage of Dr. Hop- 
kin,son*s work we should be in an entirely different 
position io-day. One of the failings of the majority 
of papers written on the subject of tarilfs is that they 
do not show how these various stand-by or lirst costs 
are arrived at. It is generally taken for granted that 
llicy consist of a certain cost and a certain running 
cost. It is very important to arrange these two factors 
suitably, and wc have continually to split up the se^e- 
gation of cunsumer,s to do so. If we lake the original 
Hopkinson principle we have a iiuml)f?r of assumptions. 
One is, for instance, that the consumers arc all at an 
equal distance from the point of generation. That, 
of course, is a very great assumption, and the cost of 
supplying a consumer at a long distance is very much 
greater than the cost of supplying a consumer at a short 
distance, it might he possible to devise some* sy.stem 
of tarilft4 which would take the distance into account 
and possibly average the kilow'att demand. Such a 
system might be worked out on the rate per yard by 
taking simply the length of a consumer's frontage. 
We cannot, however, take the* distance of the consumer 
from the station ; hut <?very consumer is slightly further 
from the station by reason of the other consumers 
frontages. If every house in a street were connected 
to the electric main, the sum oi the frontages vsrould 
represent the total length of tlie main. By dividing 
the total cost of the mains by the totak fro^fages the 
price could be hxed. This method could also take into 
account tlie Hopkinson principle, from the point of 
view of mains, by apportioning the standing charges per 
yard of main to keep it up to pre.ssure. It would be 
(|uite possible to work out a tariff which would be as 
successful as that based on the rateable value, or'floor 
area simply on the frontage of the house or premises, 
and po.ssiblv, as Mr. Sayers points out, it might be 
based on the square of the frontage. The coal con¬ 
sumption in a Parsons line shows that somewdiere 
about 10 per cent of the total coal is used as a standing 
charge. That is a very essential point. 7 here iurc a 
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great many engineers in the country who believe that 
stand-by charge in coal* is simply that required for* 
banking the boilers and that it is not the belt that 
occurs under the straight line that cuts the axis of the 
coai scale. It is a very important point, because it 
makes it possible to add a great deal to the standing 
charge, as Dr. Hopkinson showed. With regard to 
equity in tanUs, we must have something to show if 
challenged by a Government Department or if any 
given tariff is to be made compulsory. The tariff must 
have some approximation to equit}^ but, as Col. Vignoles 
and other speakers have remarked, it is far better to 
leave the consumers alone. The maximum-demand 
system did extremely useful work in the collection of 
data, but it is impossible* to make people understand 
it and S 3 nnpathize with it. 1 think we may say that 
points of equity as between consumers are not prac¬ 
ticable, and we must regard equity only in forming the 
general scheme for the benefit of the authorities who may 
criticize it. 

Mr, E. W, Cowan: Referring to the paper by Messrs. 
Wilkinson and McConrt, on page 847 the authors say 
that the consumer will use every means not to exceed 
his agreed demand, and on page 849 they refer to the 
strong incentive to the consumer to decrease his demand 
on the station. Are the authors quite certain that they 
would gain an advantage by preventing these excess 
units being used and paid for by the conf?umer ? If 
he will still use the same number of units, and use them 
within his maximum demand, then the advantage is 
quite obvious; but will he do so ? When there is full 
load on a plant or main, the excess units taken by con¬ 
sumers would be unprofitable to the supply station. 
The situation seems to call for a means of preventing 
these units being consumed when the system is fully 
loaded, and onl\^ then. If this view is correct, the 
question arises as to whether the authors' device can 
be modified to produce that result. If the device were 
fitted with a potential coil instead of a series current 
coil, and adjusted so that the change-over took place 
at a critical predetermined pressure, which pressure 
for the particular locality of the consumer would repre¬ 
sent full load on the supply mains, tlien the supply 
undertaking would be fully protected. That device is 
not, however, practicable because the consumex whose 
neighbour is taking an excess demand would be charged 
at a higher rate than his neighbour, and this might give 
rise to unpleasantness. If, however, the device could 
be modified so that witliout undue complication the 
series current coil could be put out of action whenever 
the pressure was above a certain predetermined point, 
it would solve the difficulty. Quite apart from the 
economic o^ practical merits of this suggestion, I am 
afraid that the authors of both papers would regard it 
as involving a violation of the principle which they lay 
down as being the only right principle. I do not agree, 
however, tliat the principle laid down is coirect. I 
think that it is scientifically and economically incorrect, 
and also inequitable. The idea that equal treatment 
connotes equitable treatment is, I think, fallacious. 
The authors are mistaken when they attribute to the 
late Dr. John Hopkinson the principle that the price 
of electricity to each consumer should be based upon 


the cost of supplying him, including his proportionate 
share of standing charges. It was Arthur Wright who- 
enunciated this principle. Dr. Hopkinson's paper dealt 
with one commodity only, namely, the service of light, 
and the author said : " The charge for a service should 
bear some relation to the cost of rendering it." Later 
in his paper he speaks of a rate having " some sort of 
relation " to the cost of suppl 3 ^ He was quite alive 
to the practice of what economists call discriminating 
between prices, that is the adaptation of prices to market 
conditions, and he gave in that paper an instance of it, 
quoting the Post Office as chargiug ^d. for a circular 
and Jd. for a letter, whereas the carrying of both cost 
exactly the same. Dr. Hopkinson was calling attention 
in that paper to the importance, which is agreed to by 
everybody, of stud 3 ring the proper influence of cost 
upon price, but I cannot find that he advocated that the 
influence of the value of service should be ruled out. 
It has always seemed strange to me tliat no contribu¬ 
tion, as fax as I loiow, has been made by any electrical 
supply engineer which does an^'- sort of justice to the 
view that botli factors should be recognized and allowed 
for in prices. A leading article in the Electrical World 
to which I referred to-day contained the words : "In 
order to stimulate demand at. varying hours and in 
various quantities, the rates for electrical service should 
be based upon other conditions than the cost of service 
alone. The value of service, together witli other con¬ 
ditions, should be talcen into careful consideration 
when rates are made for different classes of consumers," 
and so on. Tliere is a very large body of people who 
agree witla that view. Such men, I think, form the 
great majority amongst those who are responsible for 
the administration of a public utility. All the railways 
of the world base their rates upon the influence of 
both factors, and so do all shipping lines. I would 
beg the authors of the papers to dismiss from their 
minds that there is any inequity in paying regard to the 
value of service, that there is any penalizing or subsi¬ 
dizing process accompanying its consideration, or that 
there is any theoretical unsoundness in it. It seems 
to be a pity that in our great industry a serious point 
of view, widely held and adopted in public service, 
should be treated with inattention and disregard. 

Mr. J. W. Beauchamp: The two-rate meter proposed 
by Messrs. Wilkinson and McCourt does not appear 
to And favour with previous speakers, but I think that 
this is because the discussion has centred round domestic 
supply. Vast as that field is, there are a great many 
other supplies, and I think that the invention will be 
useful for certain of tliem. I do not know whether it 
will be of service for the household because I believe very 
strongly that we must sell electricity on tlie simple 
multi-part tariff. We can only make such a tariff a 
success by maintaining high alternative fiat rates. A 
good deal of attention has already been given to whether 
these multi-part tariffs should be made compulsory or 
not; the general feeling has been that tliey should not 
be, and therefore they need the support of a fairly high 
flat rate and good salesmanship. Those who are selling 
electricity for lighting at extiremely low rates are doing 
almost as much|}iaxm to the development of this industry 
as those axe who are selling it at extremely high rates. It 
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makes it quite impossible in the district to push multi¬ 
part tarifE^s, and it generally means the frittering away of 
valuable surpluses which could be spent on development 
work. 

Mr. Sayers particularly refers to cost. I feel tliat 
when we touch this great domestic load, that is to say, 
when we are dealing with thousands of small premises, 
we cannot talk about the cost of suppl 3 dng the individual 
consumer, because there is no such tiling; it varies 
from moment to moment or from day to day with 
the other consumers. The tariffs for big consumers 
are based on the cost of power. This, however, is not 
done by law, but by competition; it is the only way 
to compete with gas or coal or private plants. I am 
in full agreement with Mr. Cowan’s statement about the 
value of the service; it is a perfectly good way in 
which to sell anything, and I see nothing in the law 
which prevents it. The law only asks that we should 
be reasonable as between those in somewhat similar 
conditions. We are very apt, in making a tariff, to 
lose sight of this. No difficulty arises when we sell 
electricity for lighting and power, but when we begin 
to apply electricity in a large way for heating and cook¬ 
ing we are faced with the fact that the physical yield 
of 1 kWh of energy to any individual may be so different. 
A unit gives him a certain amount of light which is very 
cheap to him at 6d. It gives him 1 h.p.-hour for his 
motor,^ which he may be very pleased with at 2d.; 
but when he wants to cook a dinner he finds that 3 units 
^e required, and the unit may have to be sold at Id. 
in order to compete with gas. This seems to me to 
point to the fact that we must have multi-part ta r iff;? 
for a long time to come. If one wishes to sell all units 
at the same rate one must also have some kind of rental 
or ffxed charge. - None of the present methods of assess¬ 
ing this ffxed charge are, however, free from objection, 
and it remains to choose the best method and adhere 
to it. 

I do feel there is a ffeld for such a device as that of 
Messrs. Wilkinson and McCourt, and I also feel that 
anal 3 rtical papers like that of Mr, Sayers are valuable. 
We do not want to get too unscientific. We want to 
feel tliat we have behind us tlie tlieories of Hopkinson 
and other investigators ; but in order to sell electricity we 
must have tlie very simplest tariff. We can offer light 
and power at a medium price, but we must have com¬ 
petitive rates for heating, and I maintain that we can 
generally afford to give tlaose rates if only we get sufficient 
business., 

Mr. R. O. Kapp ; I think that the line of investiga¬ 
tion which Mr, Sayers has taken is of the greatest impor¬ 
tance to the supply engineer. I do not think we should 
imderrate the importance of finding out exactly what 
an individual consumer costs us. Rut when we have 
done that, what is the moral we are to draw from the 
facts and figures we have elucidated ? It seems to me 
that though it is necessary to know what each consumer 
costs we need not always adjust our tariff accordingly. 
The purpose of a tariff is not to dole out justice all 
round, but to do business; I would say to do business 
with at least ’ a small profit attached to it, and if one 
devises a tariff to meet those conditioujjs one has really 
done the best for everybody. The two-part tariff is 


necessary for those large power consumers whose supply 
involves a large turnover with a small profit. The 
charge must be at the rock-bottom price the supply 
undertaking can afford, and a fiat rate at such a price 
to a large consumer with a lower load factor than had 
been allowed for might land the supply undertaking 
in the bankruptcy court. That is really a justification 
for a two-part tariff. I can never understand, however, 
in the case of the domestic consumer, whose rate, after 
all, covers so large a margin for contribution to the 
overhead charges, wffiat gain there is in a two-part 
tariff, or in any method for limiting what he buys. 
So long as his charge is so arranged that at any load 
factor he is paying not only the net rock-bottdm cost 
but also some sort of contribution to the overhead 
charges, he is a desirable consumer. Therefore it 
seems to me that the flat rate which will be low enough 
to guarantee this condition at the lowest load factor 
lilcely to occur will meet tlie case best. 

Mr. F. W. Purse : My objection to the meter pro¬ 
posed by Messrs. Willdnson and McCourt is that it will 
switch over from the low rate to the high, rate at any 
time. If, however, the Brockie-Pell patent, by means 
of which very high-frequency current can - be super¬ 
imposed on the ordinary supply, were to be adopted, 
it would be possible to switch the meter over from the 
low rate to the high rate when required. Tliis could 
be done during the peak, after wliich the meter could 
be switched back on to tlie low rate. With regard to 
Col. Vignoles’s suggestion that we should have no more 
papers on tariffs, I am never one to say I know every¬ 
thing, and I should like a repetition of papers on tariffs 
if only to give us the opportunity of examining the 
question afresh. I do not think there will be any 
disadvantage two or three years from now to hear 
someone else’s ideas after studying the matter from 
another angle. 

I think that Mr. Sayers has done well to call attention 
(on page 851) to tlie four different classes of consumers. 
Later in tlie paper he refers to the cost per unit sent 
out as* being the only fair basis for economy. I have 
for many years always taken my comparison of costs 
at the station on the cost of units sent out or of the 
units delivered to the feeders. On page 866 he says: 
"Many of the two-part tariffs are difficult to justify 
on any logical ground." He includes in those various 
tariffs a kilowatt rate, yet on page 864 he says : " But 
the IcW figure for this item of charge should be the 
number of kilowatts of declared or connected load, 
not the estimated or observed maximum demand." 
These two statements appear to be corrtradictory. At 
the bottom of page 866 he says : " The practical appli¬ 
cation of the method which the author^ suggests for 
arriving at tariffs for domestic supply is, first, to classify 
consumers by their load and diversity factors." This, 
however, would be very difficult to do, and would give 
rise to a great deal of trouble. The multi-part tariff is 
undoubtedly the ideal tariff, but I agree with Capt. 
Donaldson that the-best in order of fairness is the installed 
capacity, that is per 60-watt lamp. My principal 
difficulty is the initial cost of the installation to the 
consumer. I am trying to get powers so that when 
a prospective consumer, no matter whose house it is, 
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wants an installation I can supply it, and I wish to be 
empowered to enforce the charge for the installation 
in that house so long as electricity is used, irrespective 
of whether the original tenant is in residence at the 
time or not. As tilings are at present, if we put in an 
installation for a consumer on hire terms and he leaves, 
the next tenant may say : - I did not make the bargain. 
I am not going to pay you," and as we have no power 
to enforce the charge we have to remove the installation. 
I think that the two-part tariff based upon the size 
of the installation is proceeding on the right lines, and 
that it is very necessary for the development of the 
domestic supply, 

Mr. F. Gill: It is sometimes possible to obtain useful 
i^ormation from another business. I cannot throw any 
light on this subject from the lighting point of view, but 
I think that I can say something of interest from the tele¬ 
phone point of view. The consensus of opinion in regard 
to telephone costs is that analysis of costs is very necessary 
and very desirablej but that such analysis of costs does 
not determine the tariff. The way in which it is done in 
the telephone business nowadays is somew'hat as follows. 
The load is studied and the way in which it varies is 
discovered. (Remember that the telephone business 
has just as many kinds of consumers as the electric 
supply business, if not more.) Having done that, many 
schedules of rates are drawn up ; in some cases 8, 12 or 
15 schedules are prepared. These must be checked 
against tlie total installation in order to discover whether 
tliey will produce the money required to run the business 
properly. Those different schedules are then analysed 
and criticized in quite a number of different ways. They 
must be simple, the public must be able to understand 
them, and they must be harmonious in themselves. 
They must be attractive to the public, otherwise they 
wiU not serve their purpose. They must encourage 
business, and they must be reasonable. At this stage 
of tlae examination a number of the tentative schedules 
have been discarded, and one or more remaki which 
satisfy all those other points which have been raised in 
the discussion—for instance, what the traffic wifl bear 
^d how the public will regard the tariff-—and one can 
be chosen which will enable the business to grow. 

Mr. P. Rosling ; I wish to speak from the point of 
^ew of a consumer. I agree with a previous speaker 
that It is very desirable to have the lighting and heating 
on separate circuits. Over many years' experience 
I have not experienced much trouble owing to the light¬ 
ing fuse going, but my heating fuse has blown on a 
number of occasions, so that if the lighting and heating 
circuits were oih the same fuse I am afraid the average 
person would &nd himself too often in difficulty. I 
suppose that^ with two circuits two meters would be 
necessary, and tliis would increase the connecting-up 
cost, but perhaps that could be overcome in some 
other way. Many years ago I went into the question 
of the relative value of gas lighting and electric lighting 
and, after takmg out very carefully my costs over 9 
years for running a small plant of my own, including 
depreciation, I came to the conclusion that electricity 
hc^ cost me . about 7s. a unit. My brother-in-law, 
who started housekeeping about the same time as I 
did, had gas in his house, and over 9 years his bills for 


gas and keeping his house clean were within 1 or 2 per 
cent of what 1 paid for the same purpose, and he paid 
8s. Cd. per 1 000 cub. ft. for gas. I say therefore that 
^e equivalent value was 3s. 6d. for gas and 7s. per unit 
for electricity, using fish-tail gas burners and 4-watt- 
per-candle-power electric lamps. I have always won¬ 
dered why such a low price is charged for electricity 
for lighting, because tliere is such an extraordinary 
m^gin in comparison with other systems of lighting 
private houses. It might actually have been better 
for the industry if higher prices had been charged, 
and more energy put into the obtaining of customers. 

Messrs, G. Wilkinson and R. McGourt {in reply): 
The discussion has shown conclusively that in the minds 
of electrical engineers there is no certitude that the best 
tariff for selling electricity has yet been devised. No 
attempt has been made to disprove or controvert the 
statement that a ^o-part tariff is the most successful 
in encouraging an increased use of the supply, and that 
the first part of the tariff—the fixed charge—should be 
based on the electrical demands of the consumer, instead 
of upon rateable value, floor area, and other irrelevant 
bases at present in use. To assume that a consumer's 
lighting requirements only should be taken as his 
maximum demand is an idea which should be aban¬ 
doned ; the time is rapidly approaching—if not already 
here in many places—^when the lighting demand and 
output will be only a small proportion of th^^ total 
demand and output. To allow the daily peak load to 
doi^ate the consideration of tariff problems so much 
as it has done leads to. unsound conclusions; rather 
we should visualize and prepare for the time when the 
load factor of the station will be such as will make the 
peak substentially less important relatively to the total 
output. Supply undertakings are too ready to tell 
consumers at what hour of the day they should take 
a supply. The general public want to use electricity 
just when it suits them, as they do any other daily 
necessity, and a tariff which lends itself to this end, 
without the intervention of expensive time clocks and 
comphcated book-keeping, is the one that^will ultimately 
prevail aiid displace present-day complications and 
unjust tariffs. These characteristics we claim for the 
uniform tariff. 

Before sumimivg up we will deal with some of the 
specific objections levelled against the system during 
the discussion. 

Colonel Vignoles states that discussion on tariffs is; 
not required, but he withdraws this statement later aa 
a result of his more detailed investigations. Surely, 
the fact of the Government appointing a Committee to- 
consider and report on the question of tariffs is con¬ 
clusive evidence that, the standardization of tariffs is- 
a prime factor in future development; therefore any 
paper or discussion by electrical engineers that assists 
this object is both desirable and beneficial. The Wright 
tystem is characterized as a complicated system, but 
its equity is not challenged. True it is difficult to 
explain to the layman, but the uniform tariff meter 
which we advocate renders this explanation unnecessary 
and the consumer knows in advance exactly what 
number of units^he has to pay for at the initial high 
figure to cover standing charges; he also knows that 
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the units consumed beyond this figure are secured at 
such a cheap rate that he can afford to use electricity 
for all purposes and realize all the convenience and 
advantages it is capable of conferring. As stated in the 
paper, the consumer is not switched into the third rate 
except when he deliberately decides to do so for reasons 
of his own ; and although this third rate is put as high 
as 6d., in actual practice 3d. or 4d. per unit would 
probably be the maximum price. The claim that " we 
must have a tariff by means of which a consumer can 
be charged according to the readings of a single meter'' 
is precisely what we are proposing, namely, a meter of 
extremely simple and reliable construction without time 
clock or other contraptions so often used in connection 
with two-part tariffs to-day, which place undue restric¬ 
tions upon the consumer and incur heavy supervision, 
repair and maintenance charges on the supply under¬ 
taking. We are credited with the intention of putting 
existing consumers on the uniform tariff, scrapping their 
old meters and imposing upon them additional expense 
for uniform-tariff meters. We have made no such 
suggestion and disclaim any such intention; it is in 
the new areas and to new consumers that the modem 
meters and methods would be offered as an alternative 
to existing tariffs. Old customers would come in by 
degrees when the new meters and tariff demonstrate 
their economy and superiority, as they would do in a 
comparatively short time. This will ensue without 
special effort on the part of the salesman, a few favour¬ 
able comparative results being much more effective in 
business-getting than the special pleading of plausible 
salesmen. Colonel Vignoles is content to depend for 
incre^e of business upon expert canvassers advocating 
possibly inequitable tariffs ; we prefer an equitable tariff 
which, while holding existing business, is attractive 
enough to secure the additional business which present 
tariffs do not attract. 

Captain Donaldson’s criticisms are generally fair, 
having in mind ** the state of the art ” as it is commonly 
known to-day. The full significance and value of 
uniform tariffs will not be realized until simple means 
are provided enabling consumers to take electrical 
energy during periods when at present there is negligible 
demand ; in other words, until the load factor is greatly 
increased in each individual case. It ig recognized that 
in an all-electric house the number of units consumed 
will be many times that in a house equipped for ligliting, 
the usual electric iron, vacuum cleaner, an electric 
radiator or two for occasional use and, say, a breakfast 
cooker. The all-electric house calls for electric heating 
all day long for at least eight months in the year, the 
amount varying according to the weather; it demands 
supply for cooking every day and a generous supply for 
water-heating purposes. This all-electric demand means 
an increased consumption per house, of 6 to 10 times 
the present-day average. With present-day methods 
this supply is not commercially attainable. For¬ 
tunately, however, the major portion of the demand, is 
for the production of '' low grade ” heat, viz., say, half 
the cooking and all water and room heating. Low-grade 
heat can be efi5.ciently and cheaply stored, and for this 
purpose the consumer can take electricity during hours 
when there is at present none or ver;^ kittle electricity 
VoL. 63. 


being used. Herein lies the possibility of attaining a 
50-75 pdr cent load factor in place of the present avers^ge 
of 22^25 per cent. Careful investigations reveal the fact 
that the second 25 per cent increase in the load factor, 
viz. from 26 per cent to 50 per cent, can be generated 
and delivered to consumers on existing mains at about 
one-sixth the price per unit of the first 25 per cent and 
sold with profit at about one-quarter the average cost. 
To describe this method in detail is outside the scope 
of this discussion, but in the near future such off-peak 
storage radiators, water heaters and cookers will be 
available. A due proportion of these will, by simple and 
reliable means, be cut out of circuit during the con¬ 
sumers* heavy demand hours for other purposes and come 
on again when that demand is reduced. Approximately 
half the cooking and the whole of the water and room 
heating can be done with these off-peak devices; thus 
they will keep the consumer’s maximum demand low, 
protect him from the penalizing dial of his uniform- 
tariff meter, and give him the benefit of the low costs 
of production due to the load factor being increased 
from 25 to 60 per cent. This may appear a highly 
imaginative piece of prophecy, but it is nearer realization 
than may be supposed. Such pending development is 
bound to have marked effect on the cost of electricity 
supply for all purposes, especially upon tariffs, and yet 
we are told with unusual confidence and emphasis that 
the “ tariff problem is settled ’* and that discussion upon 
it should be banned by the President. Possibly ratlier 
than banning discussion the Institution may afford an 
-opportunity of enlarging upon the possibilities of these 
off-peak storage supplies at a later date. The two-rate 
meter and uniform tariff we have ventured to advocate 
will then be better understood and appreciated. 

Somewhat scathing reference was made in the dis¬ 
cussion to our advocacy of the use of storage batteries 
deriving their charging current during the hours of light 
load and discharging their current on heavy load, thus 
keeping down the maximum demand and thereby 
reducing the fixed capital charge. The proposal was 
referred to as a horror ** and accumulators as “ messy 
batteries,” the experience of amateur wireless operators 
being alluded to as confirmation. To apply such a 
method in the case of small consumers would obviously 
be absurd, but in Harrogate two of our largest con¬ 
sumers have employed this method for over 20 years 
with outstanding success and satisfaction to all con¬ 
cerned. Another large consumer of long standing is 
introducing the S 3 ^tem at present. We therefore con¬ 
sider the recommendation made in our paper to be quite 
sound and amply justified by long experifijnce. 

With the off-peak storage methods already briefly 
referred to, Mr. Cowan’s ingenious but difficult refine¬ 
ments are not called for and his demand for a means of 
preventing these (extra) units being consumed when the 
system is fully loaded is entirely met. 

Mr. Purse’s proposal for control by means of ” ripple ” 
currents in the distribution system also loses its signifi¬ 
cance, as every consumer with an all-electric establish¬ 
ment and off-peak heat storage will himself provide the 
long-hour advantages and characteristics. Under present 
conditions of the industry these are attained to a 
limited extent only, by .taking on a large number of 
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consumers each using current for different purposes 
during varying times of the day, but who individually 
are non-users for many hours out of the twenty-four. 

Mr. H. M. Sayers {in reply ): The discussion brought 
out two principal criticisms of the proposals of the 
paper. The first is that the value of service ** should 
be taken account of in tariffs, as well as the cost of 
supply. The second is that a two-part tariff is easier 
to formulate, easier to apply, and easier to sell on, 
than a series of flat-rate tariffs based on the classification 
of consumers* loads. The first criticism involves 
general principles. Any commodity or service can 
only be sold to any individual consumer at a price 
which the consumer considers to be not in excess of 
its value to him. The money value of any service 
or commodity varies greatly as between different con¬ 
sumers and classes of consumers, and the price which 
anyone will pay depends also upon what he can afford. 

Domestic electricity supply is a service the value of 
which cannot be assessed completely, or even approxi¬ 
mately, in terms of money. Cleanliness, comfort, 
healthfulness, convenience, adaptability, relief from 
drudgery, are all ** values ** which cannot be put into 
money terms ; every one is willing to. pay some money 
for themj but the great majority of potential domestic 
consumers can only pay some limited amount. The 
people who will obtain the greatest values in this 
sense are precisely the people who can afford the 
smallest payment. The wage-earner with a young 
family whose wife is the mother-housekeeper will get 
a greater value in comfort, general happiness and reliefs 
of drudgery from an all-electric house than the middle- 
class householder whose means permit the keeping of 
two or three servants; but the former can afford to 
pay less for the service. 

The price obtainable from any domestic electricity 
consumer is his own valuation of its advantages com¬ 
pared with alternative means of obtaining the same 
primary service. This price is not susceptible to 
calculation by the seller on any principle whatever; 
therefore I say that the '* value of service ** basis is 
not available, A strildng instance of this was given 
by Mr. Roshng’s contribution to the discussion. 
Electric lighting, he said, was worth 7s. per unit to 
him in clear money terms (saving on house decorations, 
etc.), a price at which electric lighting could have made 
no progress at all. Nor could the most persuasive 
salesman have persuaded one possible consumer in a 
hundred thousand that any such result was other than 
the figment of a lively imagination. 

A commercial price must exceed the bare cost of 
supply by the increment of profit which is necessary 
to remunerate the capital engaged. Such a price will 
result in tlie largest profitable sale; for clearly the 
potential consumers who cannot or will not pay so 
much are not accessible excepting at a loss; whilst 
all those who can and are willing to pay that price 
are accessible. It is true that some of these may be 
willing and able to pay a higher price, but such higher 
price will shut out a larger number and probably 
increase the unit cost. I maintain that the value of 
setvice to different classes of consumers cannot be 
ascertained, but that the cost of supply to such different 


classes can; it is therefore the practicable basis for fix¬ 
ing tariffs. The differentiation is the proportion of the 
different purposes of connected load, and the ascertain¬ 
ment is by observation of a sufficient number of cases 
with similar proportions. 

As to the preference generally expressed for two-part 
tariffs, the following comments are offered: It is 
admitted that the periodic fixed charge, per annum or 
per quarter, is intended to represent the fixed-charges 
element in the cost of supply. It ought, then, to be 
based upon some feature of the consumers* demand 
which corresponds to that cost. So far as I can dis¬ 
cover, this is not the case in any of the usual two-part 
tariffs. The favourite rateable-value basis is not 
defended by anyone as having any necessary relation 
to the fixed-charges cost of supply. It is therefore 
not necessary to show that it is a purely empirical 
basis. It is easy to apply, but the consequences of 
periodical rating revaluations may cause trouble. It is 
clearly not equitable. Maximum demand is a fair basis 
as between consumers having similar load characteristics 
and some definite diversity factor, not as between con¬ 
sumers with different load characteristics. It is ruled out 
for that reason; but it is the principle I propose to use, 
for each class of consumer, without the complication of 
instruments and calculations for individual consumers. 

It is said that two-rate tariffs are easier to sell on 
than a series of flat rates. That depends ,^on the 
salesman. To sell domestic supply the salesman 
should advise the potential consumer what he ought 
to install, and after discussion settle with him what he 
will have. Then he can quote the appropriate flat 
rate. Any number of the rates can be quoted, but 
each in relation to defined proportions of consuming 
apparatus, lighting, cooking, etc. Such a method of 
salesmanship will get a better aggregate class of con¬ 
nected load than quoting a rateable value or other 
irrelevant periodic charge and a rate per unit, regardless 
of the class and proportion of the apparatus installed. 

The charge by classification does not exclude two- 
part tariffs. The fixed-charges elements in the cost 
are definitely evaluated by the plan I propose. If it 
seems better to separate them and levy them by 
periodic payments it can be done, with the advantage 
that the amounts axe related to the average demands 
on the system by that class of consumer. Alternatively 
each consumer may be charged at a high rate for a 
fixed number of units per quarter, and a low rate for 
the remainder, the fixed number depending upon the 
character of the connected load and its magnitude. 

The great objection to two-part tariffs for domestic 
supply is that a large proportion of potential con¬ 
sumers are not able or are not willing to engage to 
make relatively large quarterly payments. Many of 
them pay weekly rents; many find rents, rates, and other 
quarterly pa 3 rments quite enough to pay in lump sums. 
To this large proportion of potential consumers the 
most attractive method of pa 3 anent is by prepayment 
meter; and I suggest that generalized domestic 
electrification depends ultimately upon prepayment- 
meter methods, which necessitate flat rates; or, 
alternatively, lopon weekly collection, which is too 
expensive and cu&ibersome. 
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I would repeat, with emphasis, that on the selling 
side the supply industry has to raise system load factors 
from the prevalent level of between 20 and 30 per cent, 
to the quite possible level of between 45 and 60 per 
cent—excluding traction and chemical loads. The 
field open is that of domestic supply. The method— 
so far as it depends upon price—^is to fix prices in relation 
to costs, i.e. to load and diversity factors by classes. 

I am disappointed at the absence of discussion on 
the subject of distribution economy illustrated by the 
table and figure in the paper. It is a subject intimately 
connected with tariffs, for low rates require low dis¬ 
tribution costs; low distribution costs involve good 
distribution load and form factors; and good distri¬ 
bution load and form factors can be secured only by 
tariffs which stimulate and by salesmanship which 
obtains loads of the right character. As Mr. Beauchamp 
said, Put down heavy copper and fill it up.'* But 
fill it up in time, as well as maximum load. Distri¬ 
bution design for total economy is not a common 
feature of supply undertakings in this country. It 
has been a hand-to-mouth process generally. Certainly 
it has been very difficult to forecast the growth of load 
both in time and in space. There is evidence that the 
hand-to-mouth policy persists; and that in many 
places new distribution work is in progress which 
cannot give economical results. With effective tariffs 
for domestic supply it should soon be possible to 
calculate loads as closely as the water-supply engineer 
can calculate water consumption and the necessary 
mains. At this stage of development, distribution 
should be designed for maximum economy for a reason¬ 
able time ahead, just as telephone systems are. The 
problem is simpler and the risks of mistaken forecasts 
smaller. 

Turning to some individual criticisms, I note that 
Colonel Vignoles admits that his first impression that 
discussions on tariffs are inopportune has been corrected 
by statistics. I suggest that he might usefully recon¬ 
sider domestic tariffs. His undertaking has the credit¬ 
able load factor of 36*72 per cent, exceeded by only 
five undertakings in the current Electrical Times list. 
But, first, he has a tramway supply, and secondly, 
the sales for private supply are only 80*6 units per 
head of the population per annum. ^ There is room 
for improvement. Colonel Vignoles has certaMy led 
his Council in the right direction in respect to domestic 
supply. I am sure he wishes to go further. 

Captain Donaldson (with others) thinks that the high 
initial rate corresponding to the fixed-charges cost 
must be based on the lighting demand. I am not sure 
of this, even now. With generalized domestic electri¬ 
fication the house lightiag load is likely to become a 
mere pimple, and it may not be on the domestic peak 
at all. Sunday mornings will probably see the domestic 
peak. Shop lighting, factory lighting, and street 
lighting are in a different category. Captain Donaldson 
says that it is useless to attempt to base a demand 
charge on the cooking and heating load, because no 
one knows how it will work in practice." I say: 
Find out how it works in practice, by observing a 
sufficient number of consumers to give a fair average. 
With that knowledge, the base is g^ven. Such tests 
may possibly show that the lighting connections give 


a good basis, with a proper multiplier for each class; 
but I ddubt it as a permanent relation. * 

Mr. Blaikie thinks that I overrate distribution costs 
(not the " cost of mains ") compared with generating 
costs. . The President gave a similar ratio in his 
Address at the beginning of the current session. I 
have found such relative costs in many analyses which 
I have had to make for separating the two classes of 
costs. Mr. Blaikie has perhaps not noticed that the 
cost of " units unaccounted for" is a distribution 
cost which appears in the station expenditure. Distri¬ 
bution costs are even more susceptible than generation 
costs to diminution by improved load characteristics, 
but it must be improvement all over the system. . 

Mr. Cowan quite correctly credits Arthur Wright 
with the enunciation and application of the principle 
of charging consumers upon their cost. It was in a 
paper read before the Municipal Electrical Association 
at Brighton in 1896. Wright's pioneer work cannot be 
overrated. It is the basis of every rational tariff. 
His name is much more generally attached to such 
tariffs in the United States than in his native country. 

I very much regretted his absence from the meeting. 
He could have given some Interesting information 
about supply tariffs in the United States, where the 
subject is * very much alive and the multiplicity * of 
tariffs is relatively as great as it is here. 

Mr. Beauchamp is right in sa 3 dng that we cannot 
talk about the cost of supplying the individual domestic 
consumer. But we can find out the cost of supplying 
classes of similar domestic consumers, and use the 
averages with such loading as seems prudent, exactly 
as insurance companies adjust premium rates by 
ascertained averages. He agrees that none of the 
present methods of assessing the fixed charge are free 
from obj ection. I propose to assess it by trial. Whether 
it is levied as a periodic fixed charge, a high rate for a 
minirrmm consumption followed by a low rate, or a 
flat rate, is a matter of expediency and detail. 

I am grateful to Mr. Kapp for his agreement. 

Mr. Purse, I think, really agrees with me in principle, 
for the power he hopes to get will surely include some 
way of adjusting the charge to the class, in the sense 
of proportion of kinds of load, as well as the size of 
installation. Mr. Purse thinks that there is an incon¬ 
sistency in the paper, overlooking that on page 864 
the item of charge on the connected load is only that 
fraction of the fixed charges to cover the cost of the 
individual service, meter, etc. Mr. Purse alludes to 
the veiy important matter of the supply of apparatus 
to the domestic consumer. That is correlative to the 
matter of attractive domestic tariffs, and just as essential 
to general domestic electrification. But it is not the 
subject of the paper.* 

With Mr. Gill's remarks I am in complete agreement. 
The experience of a comparable industry is most useful. 

Mr. Rosling sets out some quite sound reasons for 
separating lighting and heavy-current circuits. I have 
already referred to his statement on " value of service," 

In conclusion, I would thank all contributors to 
the discussion, the value and interest of which is ample 
reward for starting it. The initiative of the Council in 
arranging for it is most opportune, in view of the 
developments^in iihmediate prospect.. 
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Summary. 

The paper describes the uses and possibilities of induction 
regulators as applied to feeder and interconnector circuits. 

Three types of induction regulator are described, together 
with their characteristics; the single polyphase regulator, 
the double polyphase regulator, and the single-phase regulator. 

The application of regulators to various types of circuit is 
considered, first to the supply feeder, secondly to the inter¬ 
connector between power stations, and then to the ring main 
or twin feeder. 

The effect of regulator impedance is discussed. 

Finally, the operation, construction, and control of induc¬ 
tion regulators are discussed. 


Introduction, 

The function of the induction feeder regulator is to 
provide an additional pressure in an alternating-current 
feeder, either for raising the voltage at the far end of a 
simple supply feeder, or for controlling the power factor 
and in that way assisting the transference of power 
along a feeder connecting two or more generating 
stations. . 

In the United States it is very largely used for this 
purpose and with the growth of large supply systems 
and large interconnected groups of systems its use is 
increasing in this country. It is important to possess 
a clear knowledge of the characteristics of the induction 
regulator before laying down the requirements for any 
given circuit, and it is to discuss the behaviour of the 
induction regulator under different conditions t^^at this 
paper has been written. 

In general three types of regulators may be con¬ 
sidered for use with altemating-cuirent feeder circuits:— 

(а) The single polyphase regulator. 

(б) The double polyphase regulator. 

(c) A bank of single-phase regulators. 

The Single Polyphase Induction Regulator. 

The polyphase induction regulator is similar both 
in constructioif and in theory to the three-phase induc¬ 
tion motor at standstill. Such a machine has the 
characteristic that, depending on the position of the 
tappings of the secondary coils relative to the tappings 
of the primary coils, any phase displacement between 
zero and 360® may exist between the E’M.F. produced 
by the secondary and the E.M.F. supplied to the primary. 

The regulator normally works at standstill, but one 
part (either the primary or secondary, as may be most 
convenient) is made to rotate relatively to the other 
so that any desired phase displacement between the 
two parts may be obtained from full arithmetical sum 
to full arithmetical difference. The secondary’' windings 


are provided with two terminals to each phase-winding 
and are connected in series with the line as shown in 
Fig. 1, the connection being somewhat similar to that 
of an auto-transformer. 

Fig. 2 shows the vector diagram of the voltages 
(only one phase being shown for clearness), where OA 



Fig. 1.—^Diagram of connections of induction regulator. 


is the supply voltage, AB the secondary induced 
voltage, and OB the resultant is the outgoing voltage 
applied to the feeder. In this diagram, and in all the 
succeeding diagrams except Fig. 17, the impedance- 
drops in the regulator, which are relatively small, are 
neglected. 



The locus of B as the rotor is turned round is a circle 
with A as centre, and the complete circle corresponds 
to a movement through two pole-pitches. The limiting 
values of OB are OBg, the maximum positive boost, 
and OBj, the maximum negative boost. 

In practice itudg sufacient to move the rotor through 
one pole-pitch only in order to obtain the full variation 
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between OB^ and OBg, the vector AB traveUing either 
round the trailing semicircle or the leading semicircle 
shown in Fig. 2, and in general either semicircle can be 
selected by suitably relating the motion of the rotor to 
the phase rotation of the primary. 

Apart from the magnetizing current and losses of 
the regulator, the kVA input is equal to the kVA output, 
and the power factor of the primary circuit is the same 
as the power factor in the secondary winding of the 
regulator, which, it should be noted, is usually not the 
same as the power factor of the feeder circuit, since 
the E.M.F. induced in the secondary winding is usually 
not in phase with the line pressure. 

This may easily be understood by reference to 
Fig. 3, the full lines being first considered. Here 
represents the supply voltage, Eji the secondary voltage 
of the regulator, and E^ the feeder voltage. ^ 'tli® 
feeder current at an angle ^ behind E^, 

The power generated in the secondary windings of 
the regulator is the vector product of Er and 

Apart from the magnetizing current, the primary 
.ampere-turns in the regulator must balance the secondary 
ampere-turns, exactly as in the case of the induction 



motor, and for the same reason, but the ratio of turns 
is given by the ratio of voltages Er}E^, Hence the 
corresponding load current 7jp taken by the primary 
will be in magnitude equal to Jg ^ ^ other 

words, the primary kVA equals the secondary kVA, 
neglecting the magnetizing current and the losses in the 
regulator, 

The primary kW must equal the secondary kW, 
therefore the primary power factor equals the power 
factor in the secondary winding. In other words, if 
Er lags behind E^ by the angle 0, then Jg lags behind 
Jp by the angle 6. These considerations enable the 
primary current Jp and the total current supplied, 
ly to be drawn, the magnetizing current still being 
neglected. 

The two triangles E^, Ep, E^ and Jg, Ip, Jj^ may then 
be considered. Since IJlp = EJEr, and the angle 
between Ig and Ip is the same as the angle between 
E-j^ and Ep, namely (180 — 6), the two triangles are 
gimila.r and the two angles at the origin are the same. 
Therefore the angle of lag between and E^ is identically 
the same as that between Jg and J^g. 


It will be noted that there is a phase lag (angle ^ in 
Fig. 3) 'between the E.M.F. on the two sides of 4he 
regulator, but the same phase lag exists between the 
two corresponding currents. 

Returning to Fig. 2, it is seen that the same boost 
could be obtained with the secondary voltage Sp leading 

^v 

The chain-dotted lines in Fig. 3 give the corresponding 
diagram for this alternative position of the regulator 
giving the same boost. 

Including the magnetizing current of the regulator, 
the total primary current of the regulator Jp,» consists 
of the vector sum of the load current Ip and the mag¬ 
netizing current J^, while the total current taken from 
the supply is J/p, the vector sum of Jg and Jp^. 

It will be seen that the regulator primary current Jp^ 
is not the same for the two positions of the regulator 
giving the same boost, although the total supply current 
remains the same. This may appear to be unexpected, 
but consideration shows it to be due to the fact that the 
alternative positions of Epdo not and cannot (except at 
times of maxiTnum boost) make the same angle with 
Jg, flTiH hence the power factor in the secondary winding 
of the regulator is difiEerent in the two cases. The 
induction regulator may be further studied by means of 
a locus diagram (corresponding to the induction-motor 
circle diagram) showing the variation in the current 
input at var 3 nng loads. Unlike the case of the induction 
motor, however, a single curve does not suffice unless the 
conditions under which the regulator is working are 
laid down, that is to say unless the relationship between 
the amount of boost and the load current is specffied, 
and the power factor of the feeder current fixed. 

In any case, however, the diagram centres round the 
boost Conditions (in which case the two 
alternative diagrams shown in Fig. 3 become identical). 

At maximum boost, with a given angle of lag ^ in 
the feeder circuit, the input current may be represented 
by a line such as PN in Fig. 4 (a), composed of two com¬ 
ponents, PM the magnetizing current, and MN the 
component equal and opposite to the secondary current 
multiplied by the ratio of turns. 

PE is the applied primary voltage, and MN is inclined 
at the angle ^ to PE. Three cases may be considered, 
corresponding to the three curves drawn in Fig. 4 (a). 

In each of these cases the feeder power factor is 
assumed to be constant and the regulator impedance is 
neglected. In case I (curve I in the figure) the feeder 
current is assumed to be constant irrespective of the 
amount of boost. Here the locus of N is a circle, the 
full circle corresponding to a movemei^t of the rotor 
through two pole-pitches. The angle 6 between MN 
and any selected position of current MN' gives the 
mechanical angle (measured in electrical degrees) through 
which the rotor must be displaced from the maximum 
boost position in order to give the conditions represented. 
This case is seldom, if ever, met with in practice, but the 
curve is of use, as it gives a comparison of the input 
required for the same output in kVA at difiEerent power 
factors, since it serves to show the variation in the 
position of MN with various values of ^ if the angle 
d remains zero. 

In the second case, represented by curve II in Fig. 4 (a), 
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the boost required is assumed to be proportion^ to the 
fe^er current. If the angle ij/ in Fig. 3 is small the 
boost is practically equal to cos 0. If this equality 
were absolute, the resulting curve would be a circle on 
MN as diameter, and it is shown as such in the figure, 
since the distortion introduced due to the angle ^ is 
exceedingly small. This diagram corresponds to an 
interconnector regulator capable of transmitting "^e 
feeder current in either direction, in each case suppl 3 dng 
the necessary pressure to overcome the line pressure- 
drop. Since the current reverses at zero boost, the 
drcle on MN as diameter is swept out twice for a regu¬ 
lator movement through two pole-pitches. The boost 
corresponding to any given current can be quite simply 
determined by drawing the voltage diagram in a particu¬ 
lar manner alongside the current diagram, as illustrated 


there is full boost. This arrangement gives the smallest 
regulator for a given supply feeder service. The result¬ 
ing curve is swept out once as the regulator is moved 
through two pole-pitches. 

In each case shown in Fig. 4 (a) as the rotor of the 
regulator moves from the full boost position the diagram 
may be swept out in a right-handed or in a left-handed 
direction, dependmg on the direction in which the rotor 
is turned. 

Except in the case of an interconnector regulator 
loaded as described in case II, where the whole diagram 
is necessarily swept out, it is advantageous to sweep out 
the diagram in a left-handed direction, since in that case 
the primary current and hence the primary copper losses 
are less t han if the diagram fee swept out in the other 
direction. This favourable relation is obtained if the 







in Fig. 4 (6). It will be noted that in this diagram the 
rotation of the ^vectors with time is dochwise, that is to 
say in the contrary direction to Fig. 4 (<z). The feeder 
current is drawn vertically, 01 representing the current 
at maximum boost. The supply E.M.F. (OA in the 
diagram) is tfcearefore parallel to MN in the current 
diagram. For any position of the current vector, say 
along MN', is only necessary to draw the regulator 
voltage AB parallel to MN' to ^ve the E.M.F. supplied 
to the feeder, namely OB. 

The third case considered, curve III, represents the 
ease where the transformer or other supply ratios are so 
chosen that the regulator is required to give its full back 
pressme at no‘ load, the whole range of the regulator 
bisdng available for raising the voltage as the load comes 
on. In oth^ words, at no load there is full negative 
boost (" buck *') on the regulator, at half load there is 
neither negative nor positive boost, 'and at full load 


rotor is moved from full boost position in the same 
direction as the rotating magnetic field when the rotoi 
carries the secondary winding, and in the opposite 
direction it the rotor carries the primary winding. 
This phasing-out must be checked on site, as it cannot 
be prearranged at the manufacturer's works, any more 
than can the direction of rotation of an induction motor, 
unless the phase rotation of the leads to which tiic 
regulator is to be connected is known. 

Double Polyphase Regulators, 

In certam cases, to be discussed later, the phase-shift 
between the supply voltage and the delivered voltage 
(that is to say the‘angle ^ in Fig. 3) is ol^ectionable. 
To overcome this defect the double pol 3 q)hase regulator 
is used. This consists of two regulators each of hall 
the total capac$t^, with the secondaries connected in 
series and arrang^ so that the phase-shift of one neutral- 
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izes the phase-shift of the other. The voltage vector 
diagram of arrangement is shown in Fig. 6, the 
regulator impedance being neglected, where OA is 
the supply E.M.F. and AB^ and are the E.M.F.'s 
of the two halves of the regulator., 

As the rotors of the regulators are moved, the vector 
ABj^ turns in a clockwise direction, while the vector 
B 3 ^B 2 turns in a counter-clockwise direction. The 
resultant voltage OBg is therefore always in phase 
with OA, the supply voltage, and varies from OCg as a 
maximum [equal to OA -|- (AB^ + B;tB 2 )] to OC as a 
minimum [equal to OA — (ABj^ 4- order to 

obtam this efect, either the two rotors may be made to 
rotate in the same direction while the two rotating helds 
rotate in opposite directions, or the rotors may move 
in opposite directions while the fields rotate the same 
way. The former is the more usual in practice. 

^ - ^ 


C.1 

A 




0 ^ 

Fig. 6. 


impedance of the windings). The conditions here are 
thus dtfeerent from those in the case of the single poly¬ 
phase regulator, and are more akin to those of the 
double polyphase regulator. 

At the same time, the single-phase regulator has one 
important characteristic which must not be overlooked 
in the design, and that is that in the position of no boost, 
and if no special precautions axe taken, the secondary 
current will induce a very large fiux in the regulator at 
right angles to the main flux. This will cause the 
reactance of the secondary winding to be exceedingly 
high, thus forming an impedance in the feeder circuit. 
To overcome this difficulty an auxiliary winding short- 
circuited upon itself is placed upon the primary member 
at right angles to the primary winding. This has the 
effect of keeping down the reactance in the secondary 
circuit to a practically constant value. 

In a bank of three single-phase regulators, if the load 
is balanced between the three phases and the regulators 
are mounted so that each gives the same boost, each 
primary requires the same current, and hence the 
primaries may be connected in star. In this case the 



In either case, referring back to Fig. 4 (a), it will be seen 
that while one half of the regulator sweeps out the right- 
hand side of the particular locus diagram concerned, the 
other half of the regulator will be sweeping out the left- 
hand side. In other words, for the double regulator one 
half automatically takes up the most favourable condi¬ 
tions, the other half the unfavourable conditions. 

This diagram also shows that except at times of 
maximum and minimum boost the two primary wind¬ 
ings do not carry the same current, and consequently 
they must be connected in parallel and not in series. 

The Single-Phase Induction Regulator. 

The single-phase regulator is principally used on 
single-phase circuits, but may also be used in a bank of 
three units on a three-phase system. In the single-phase 
regulator the magnetic field is purely altemaidng, and as 
the secondary winding is gradually turned out of the axis 
of the magnetic field, the E.M.F. inducjjd in it is reduced 
without any phase lag (apart from? that due to the 


voltage induced in the secondary winding will be in 
phase with the phase voltage and not with the voltage 
between the outers. 

The three regulators can be, and usually are, geared 
together mechanically so as to operate simultaneously. 
Owing to the small size of each unit wh»e single-phase 
regulators are used, and on account of the losses in the 
auxiliary or damping winding, the efficiency of a single¬ 
phase bank is usually lower than that of tjje corresponding 
polyphase regulator, while in addition its first cost is 
generally higher. ^ 

Feeder Circuits. 

In an ordinary feeder circuit the function of the induc¬ 
tion regulator is to provide an EJ^.F. to overcome the 
impedance drop in the feeder in order to keep the 
voltage constant at the far end* 

It is not necessary for this added voltage to be exactly 
in phase with either the applied voltage or the feeder 
impedance drop, so long as the outgoing voltage from 
the regulator is of the correct magnitude. Fig. 6 shows 
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the vector diagram * of a feeder circuit supplied by an 
induction regulator, which is shown as giving oiUy about 
half its maximum boost, in order to emphasize the 
phase diff^ences. Here represents the supply 
voltage, and Eji the regulator voltage, giving the total 
voltage of JS ?2 applied to the feeder. 

I 2 is the feeder current, 7p the regulator primary load 
current, the regulator (primary) magnetizing current 
and Jjp the total current supplied from the generating 
plant. 

Interconnector Circuits. 

Where two power stations are connected together by 
a feeder the power supplied by each station will depend 
solely on the power supplied to the prime movers. 
Under these conditions, power can be supplied at will 
from station to station, but if the voltage at each end 
of the line is to be kept the same, the power can only 
be transmitted at a low leading power factor. This 

^ 



may be readily understood when it is remembered that 
since hoth station voltages are equal or are equalized by 
transformers, any voltage difference which can exist 
between the ends of the cables must be at right angles 
to the mean of the station voltages. This would not 
matter were the impedance of the line purely inductively 
reactive, since the resulting feeder current would be at 
right angles to the voltage producing it, and hence in 
phase with the mean of the station voltages. Since, 
however, the resistance is usually greater than the 
reactance, the current will be more nearly in phase with 
the voltage acrOss the feeder, lagging at most, say, 30® 
behind it (corresponding to a ratio of oj/r = 0*678), which 
means that the current vector is 60® away from the mean 
of the station voltages. 

Since cos 60® = 0*5 it follows that the interconnector 
when fully loaded as to its current is only transmitting 
half of the power which it should be able to carry. To 
utilize the interconnector to its full, an induction regu¬ 
lator (or other adjustable boosting apparatus) is required 
to provide a voltage which will just overcome the 

* In this and the succeeding vector diagrams the convention is adopted that 

the sum of the voltages in a drcnit is zero **: consequently an impedmice-dzop 
is represented by ~ jot), while an E.M.F. representing a motoring action, 
or absoxption of electrical power, is in the contrary sepse to / cos a 


impedance drop in the interconnector when the current 
corresponding to the power transmitted is flowing at the 
desired power factor. 

With an induction regulator, the power factor in the 
intercoimector may be maintained at unity at any load 
without necessitating any alteration in the voltage of 
either station. Alternatively, with constant station 
voltage, the magnetizing current rnay be shared between 
the stations as desired (the interconnector being loaded 
at the corresponding power factor) by adjusting the 
amount of boost given by the regulator. 

Fig. 7 illustrates the transmission of power from 
station to station where a regulator is installed in the 
intercoimector, the power factor being unity at the 
receiving end. E-^ is the busbar voltage of the station 
suppl 3 dng power, E^ the busbar voltage of the station 
receiving power, Eji the regulator EJVI.F, (applied at 
the sending end in this instance), I the interconnector 
current, and x and r the interconnector reactance and 
resistance respectively. The regulator primary current 
is omitted from this diagram. 

Fig. 6, which was drawn for the case of a dead-ended 
feeder, also applies to the case of the interconnector, 
and represents the transmission of power from station 
to station at a lagging power factor. In this case 
is the current transmitted along the interconnector, 
while the total current Ijf necessary to be supplied by 
the sending station is also shown. It should Ig^ere be 
emphasized that it is only by the aid of an induction 



regulator or a similar device that the operators in the 
power stations can have complete control not only of 
their own voltage and power supply but of the power 
transmitted from station to station and of the power 
factor at which it is transmitted. Further, the induction 
regulator, though^expensive, is the only practical device 
which permits the control to be gradual. 

Where there is no other connection between the two 
stations than the interconnector containing the regu¬ 
lator, the regulator may be of the single pattern since no 
difficulty is introduced by the fact that one station may 
slightly lead the other in phase. 

Regulators on Ring Main or Twin Feeder Systems. 

Special consideration must be given to the case where 
it is required to insert a regulator in a feeder, the ends 
of which are connected together electrically by another 
feeder or system of feeders. The simplest case to con¬ 
sider, which will be used as an example, is where only 
two feeders supply the same point, feeder A containing 
the regulator, while feeder B is connected direct to the 
receiving end wijthout any regulator being inserted, as 
illustrated diagrammatically in Fig. 8. 
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Let = E.M.F. at supply end. 

E 2 = E.M.F. at receiving end. 

Er = regulator E.M.F. 

I sr total current transmitted = vector sum'of 
and Ij 5 . 

Ii, full-load value of I. 

= current in feeder A. 

Ijj = current in feeder B. 

== impedance of feeder A. 

Zr — “ impedance of feeder B. 




?^ = tan$ 


By suitably adjusting the regulator, E^ may be 
maintained equal in value to whatever the magmtude 
and phase of the current I. It is desired to determine 
how the total current splits up between the two feeders 
in these circumstances. 

The conditions and the solutions are identical whether 
the feeder system is dead-ended, supplying power to a 
load ; or whether it links up with the busbars of another 
station, suppl)dng power to it. 

For constant power factor and varying load, if the 
regulator impedance be neglected, a simple geometrical 
construction will give the desired solution in the form 
of the locus of I A* the current in feeder A, if the power 
factor is measured with reference to a vector Em located 
midwa^^ between the vectors representing the voltages 
of the two stations as drawn in Fig. 7. This gives the 
solution for the mean of the two cases where the regulator 
is situated at the receiving and at the supply end of the 
line respectively. Taking first the case of the single 
regulator, where Er is made numerically equal to 
IiJZa* magnitude of the regulator volt^e remains 
constant, but its phase angle is varied as load comes on, 
in order to meet the required condition that E^ shall be 
numerically equal to 

Fig. 9 gives the vector diagram of the E.M.F.'s present 
and leads to a simple graphical method by means of 
which the current locus may be determined as follows 


In Fig. 9 let OA = E^ 

BO ^E^ 

AB must necessarily be at right angles to Em- 


Then if AC = Er 

CB — Ia^A -A-B — — 


Extend AB to D and cut ofi BD such that 


BD _ ^ _ — Ib^a 
AB Zr — 

Join CD 

Then CD = CB -f- BD (vectorially) 

= — Ia^a — ^B^A (vectorially) 
^-IZa 


CD therefore always remains parallel to itself for any 
given case of constant power factor, while Er moves 
through the arc of Hhe circle. 

By dividing the vectors in this voltage diagram 
by —Za = — +J^a)* treated as ajQpmplex number, 

that is to say by dividing the numerical values by 


V(^A + turning the vectors in a clockwise 

direction through the angle (Jw + Q, where £ = Sic 
tan x[r, the current diagram (Fig. 10) is obtained, 
where the line CD representing the current I corresponds 
to the line CD representing — IZa in Fig. 9. 

To find the current conditions for any given load I, 
the circle of radius ErJZa must be struck and the line 



{Ib '^ JbZbIZj) drawn from D, the termination of I, 
making an angle of J with the horizontal axis. This 
line must be cut off where it cuts the circle at A, and DA 
divided at B in the proportion ZaJZr as shown inFig. 10. 
This point B gives the position of the end of the vector 
Xa, By drawing a series of such points the locus of I a 
ran be drawn, and Ir which makes the constant 



angle J with the horizontal can be filled in where 

desired. ^ , j* 

It is seen that the relation of the natural angle of 
lag of the feeder, to ^ has an important bearing on the 
shape of the diagram, and a critical c£^e occurs when 
5 the angle between I and Ir being in this case 

90®. 

The first example is. taken under these conditions 
and is drawn for = $ — 36® 52', that is to say, 
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cos ^ = 0*8 and a?/r = 0*75. The simplest relation 
between the feeder impedances is also taken in this 
example, namely Zjs = 

Fig, 11 is drawn for this case and shows the locus 
of It will be seen from the diagram that at no load 
(where I — 0) both and Ib equal In other 

words, at no load, due to the phase shift introduced by 



the regulator, there is a circulating current in the feeders 
equal to half the full-load current. It is for this reason 
that single pol 3 rphase regulators are not recommended 
for use in ring-main systems. 

The values of the currents /jt and 1b for varying 
values of 1 (in terms of lx) are plotted in Fig. 16, whilst 



the values of total copper losses (l\ -|- 1% are plotted 
in terms of l\ against varying values of 1 in Fig. 16. If 
Zb is greater than Zj^ the circulating current is reduced, 
and the chain-dotted curve in Fig. 11 is drawn for 
Zb ZZjx, the ratio of x/r and the other conditions 
remaining as before. In this case the no-load circulating 
current is only one-quarter of the full-load current. 

Fig. 12'is dflawn for a single regulator when $ is not 
equal to Here cos <f> is taken as 0* 70 (^ = 46® 341^) 


and C = 30®. The full curve represents the current locus 
when Zb = Z^, and the chain-dotted curve represents 
the locus when Zb — SZj^. The currents and losses 
corresponding to the full lines (Zb = Z^ are plotted in 
Figs. 15 and 16 respectively alongside those of the 
previous case. 

Fig. 12 shows that at full load, Q, the angle through 
which the axis of the regulator is turned from its 
" maximum boost" position as understood in the 
previous sections of the paper, is not zero but is ( 9 ! — 5 ). 
The reason for this is that the regulator must be turned 
through such an angle that its voltage when acting on 
the impedance of the feeder will produce a current in 
phase with the load current I. This figure also shows 
that if the regulator be moved in the other direction 
the diagram is not S 3 niimetrical round and that in 
one position the regulator, though only producing a 
voltage equal to IjJZj^, will keep the voltage constant 
when a current rather greater than is flowing. 

Turning now to the double regulator, the conditions 
are different. Instead of Eb swinging round to meet the 
conditions of load, its phase angle remains constant 



(for simplicity assumed in phase with E^, and only its 
magnitude varies. 

In the critical case where i = (f>, the whole diagram 
collapses into a line as shown in Fig. 13, and 1b is zero 
throughout. There is no circulating current, and no 
loss introduced dOe to it. 

Where $ is not equal to <f>, however, the regulator 
E.M.F. is not in exact phase with the impedance drop 
caused if I flowed entirely tlurough feeder A, and conse¬ 
quently a small circulating current is always present. 

A construction very similar to that of Fig. 10 can be 
used and is shown in Fig. 14, using the same constants 
as in Fig. 12. In this case an axis CA is drawn making 
an angle of ^ with the vertical axis. A perpendicular 
DA is dropped on this axis from D, where CD represents 
the total current 

DA is cut in B in the proportion 

DB/BA = ZjJZb 

Then Ij^ ~ CB. 

If the figure.is drawn for full load, then for any other 
load the triangle is similar and CB is itself the locus of 
the vector Jj.. ^ Consequently for any given case, 
and Ib bear a cor^tant relation to J. 
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Since CA represents it follows tliat 

:^:I = CA:CD 
Za 

or Er = —IZa 

In other words, the value of jE?jj required is slightly less 
thari IZji, since the current passing along feeder B has 



a small component in phase wiili /. Fig. 16 shows how 
the current divides into JTj, and- 1b four foregoing 

cases, while Fig. 16 shows the comparative losses where 
unity is talcen to be the loss occurring when II flows 
along feeder A with feeder B open-circuited, the losses 
in the regulator itself being neglected. 



As single-phase regulators have, in common wiHi the 
double regulator, no phase-shift apart from that due to 
their own impedance, they give the same curves as the 
double regulator. It is seen that except in the critical 
case where \ (the natural anjgle of lag of the feeder) 
equals (the angle of lag at whicl^ current is to be 
transmitted), the double regulator does not give perfect 


results. Since usually, however, I is of the same 
order as^^^, this slight lack of perfection is not of very 
great importance. 

To attempt to adjust the angle of boost of ihe double 
regulator so as to ensure that J follows ^ (which might 
be done by turning the two rotors independently, or by 
the use of a differential, or by the rotation of the stators 
in addition to the rotors) appears to be an additional 
complication that is not worth considermg, particularly 
as in practice 6 does not usually rem a in constant, and 
a considerable number of instruments would be necessary 
to inform the operator as to the exact conditions in the 
circuit and the exact steps to take to adjust the phase 
angle as well as the magnitude of the boost from time 
to time. 

Regulator Impedance. 

The effect of regulator impedance on the secondary 
E.M.F. is two-fold. First it causes a variation in the 



terminal secondary E.M.F., and secondly it causes a 
variation in the phase angle of the secondary E.M.F. 

This can be more easily understood by reference to 
Fig. 17, where 

=5 primary E.M.F., 

secondary E,M.F. referred to the primary, 
Xbm =“ priniary current, ^ 

=» magnetizing current, 
s secondary current refeijed to ihe 
primary, 

resistance, reactance, and impedance of 
the primary, and 

fg, X 2 , Z% — resistance, reactance, and impedance 
respectively of tiie secondary referred 
to the primary. 

As the phase and magnitude of 4 vary, so the potion 
and magnitude of Eb vary, and if the* curr^t in the 
secondary winding of the regulator beleaxling with respect 



872 


CARR: THE USE OF 


to the voltage generated in it [see Fig. 4 (a)] it is possible 
ioifi to be greater than It is also possible for E'j^ 
to lead jS^j. 

In general, however, at full load, with lagging currents 
Eji will be less than E^, and this drop must be allowed 
for in the design of iiie regulator. The open-circuit 
voltage is therefore larger than the rated voltage of the 
machine. Further, since the numbers of both the 
primary and secondary conductors must be whole 
numbers, the exact ratio may be difficult to obtain in 
the design office, with the result that a little extra 
margin is provided in the regulator. 

The term " over ratio is generally used to represent 
the excess of the actual no-load secondary voltage over 
the rated secondary voltage. This variation in the 
magnitude of the secondary E.M.F. with load causes a 
slight inaccuracy in the preceding geometrical diagrams, 
but the effect is only small. The small phase difference 
between Eji and E^ also causes a slight inaccuracy in 



Fig. 17. 


these digrams, since with the single regulator the 
phase difference between the secondary and primary 
F.M.F.'s is not exactly equal to 0, but is only approxi¬ 
mately so. In practice the only effect of these two 
•inaccuracies is that usually the rotor has to be moved 
mechamcally by a degree or two more than would 
correspond to the angle 0 in the various diagrams. 

In the double regulator the lags introduced by impe¬ 
dance in the two halves do not cancel out, and conse¬ 
quently the secondary E.M.F. is not quite in the same 
straight line as the supply E.M.F., and this is also the 
nase the single-phase regulator. The effect of this 
in a divided circuit is to cause an apparent slight increase 
in the angle In practice, however, the effect of 
these slight inaccuracies in the geometrical theory may 
usually be neglected. 

The losses in a regulator are important since they 
r^uce the overall efficiency of transmission, and par¬ 
ticularly since the iron losses of the regulator must be 
supplied during the whole time that the regulator is in 
circuit. « 

The full-load losses of a regulator (includmg the so- 


called '' load losses *') vary from about 4 per cent of 
the kVA in a large regulator to about 8 per cent in a 
small one. On a 0-8 power factor circuit at full load 
these figures correspond, with a regulator giving a 
boost of zh 10 p^ cent, to losses of one-half of 1 per cent 
and 1 per cent respectively of the total power trans¬ 
mitted. 

Operation and Control of Induction Feeder 
Regulators. 

In all but the smallest sizes, feeder regulators are made 
of the oil-immersed type, usually self-cooled, but 
occasionally in the largest ones the oil is water-cooled. 

The tanks are of standard transformer tank design 
and either circular or rectangular in plan. 

The regulator is usually arranged with its axis 
vertcal, the operating gear being mounted on top. 
This operating gear consists of some form of reduction 
gear, either single worm, double worm, or single worm 
and spur gear, driven either by a handwheel or by 
motor. 

One worm at least is usually made of the non-reversing 
pattern, but in the majority of cases a brake is also 
fitted. This not only assists in stopping the operating 
motor, but also helps to prevent the regulator from 
creeping back due to vibration or any other cause. 
Small regulators are frequently fitted with a permanent 
brake, the extra power required to operate the regulator 
with the brake still on being exceedingly small. 

Small regulators may be hand-operated where they 
can be conveniently located alongside the switchboard. 
The majority of regulators are, however, motor-operated. 
In this case limit switches are provided to prevent the 
motor from turning the rotor far enough to bind on the 
safety stops. The brake in this case is usually electri¬ 
cally operated, releasing when current is switched on to 
the motor, just as in the case of a crane. 

The operating motor requires a low-tension supply 
(usually alternating current), a squirrel-cage motor being 
used, although a d.c. operating motor may be employed 
where convenient. In either case the motor is usually 
switched straight on the line. 

For hand control, the switchgear controlling the 
operating motor is operated by hand or by means of 
push-buttons, ilgor automatic working the motor cir¬ 
cuit is closed by a contactor controlled by a voltage- 
regulatog relay, two contactors being provided, one for 
each direction of rotation of the operating motor. 

Where an automatically operated regulator is in¬ 
stalled at the supply end of a feeder, a line compen¬ 
sator is required in order to keep the pressure constant 
at the far end. This line compensator consists of a 
resistance and reactance set (by trial if necessary) to corre¬ 
spond to the line resistance and reactance. It is fed 
through a pair of current transformers and is, arranged 
to reproduce in miniature the drop in the line, both in 
relative magnitude and phase angle. It is inserted in 
the circuit of the voltage-regulating relay, which thus 
responds to the voltage at the far end of the line. 

The full diagram of connections for such an automati- 
c^y controlled motor-operated regulator is shown in 
Fig. 18. The voltage-regulating relay can be set so as 
to ensure that thi voltage at the end of the feeder shall 
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not vary by more than 1 per cent from its mean value. 
In practice it is frequently found advisable to increase 
this allowance to or even 2 per cent in order to prevent 
the regulator from hunting in case of slight variations of 
supply voltage or heavy fluctuation of load. 

The time taken for the regulator to operate, following 
a change in the voltage, is very small and depends on 
the gearing, which is usually designed to operate the 
regulator rather more slowly in the case of the larger 
regulators. Average figures obtained from several 
makers indicate that a ±10 per cent regulator will 
move over from full negative to full positive boost in 
from 20 to 40 seconds. 

The time of starting up is negligible. Oscillograph 


With ^e single regulator this is not the case, and it 
is necessary to short-circuit the secondary winding 
through a suitable reactance, isolate the regulator, and 
then short-circuit the reactance. On account of the 
reliability of the induction regulator, however, it is not 
usual to install any such isolating switchgear. 

The cost per kVA of an induction regulator varies over 
wide limits depending on output, voltage and periodicity. 
Relatively large three-phase regulators for 60 periods 
may, however, be purchased * for from £3 to £4 per 
regulator kVA, this figure including all automatic 
devices. On a ± 10 per cent regulator this corresponds 
to from £0*3 to £0*4 per kVA supplied. 

The principal field for the induction feeder regulator 



Fig. 18.—^Diagram of connections of automatically controlled induction regulator. 


Ai,Aa,A8 » primary windings of induction regulator. 

seoondm^ windings of induction regulator. 
Cx,C8 B current transformers. 

D B potential transformer. 

B B reactance leg of line compensator (adjustable). 
F B resistance leg of line comp^ator (adjustable). 
G B voltage-regulatingrelay. 


HijHs B operating coils of double-pole contactors. 

JifJs”” double-pole contactor. 

Ki, K 2 « double-pole contactor. 

Lx,L 2 » limit switches (normally closed). 

Mb operating motor. 

Nb brake. 


tests on a recent 346 kVA automatic regulator show 
that the operating motor reached full speed within 
l/6th sec. of the operation of the voltage-regulatingrelay, 
while a similar period covered the stopping of the motor 
after the voltage relay had opened. 

Apart from the control gear, an induction feeder 
regulator is usually installed without any switchgear 
at all. It is permanently connected in the feeder 
circuit and is alive whenever the feeder is alive. Should 
it be essential that switchgear be provided to isolate 
the regulator without breaking the feeder circuit, this 
can be conveniently arranged by a series of oil switches. 

The double regulator, if turned to the '' no boost ” 
position, may safely be short-circuited on the secondary 
side prior to cutting out. 


is in interconnector circuits, where the boost is required 
to be gradual and capable of very fine adjustment, 
and in supply feeder circuits where boosts greater than 
5 per cent are required. Below this figure the single- 
step boosting transformer, giving a boost of from 3 
to 4 per cent, besides being cheaper, wiJJ usually do 
all that is required without too great a complexity of 
switchgear. Above this figure the multi-step boosting 
transformer is a possible rival, but on account of the 
complication and expense of the switchgear, and tappings 
necessary to allow of the boost to .be altered without 
breaking the feeder circuit, its installation is not looked 
upon with much favour either in this country or in the 
United States. 

• ' 

* At the date wh^ the paper was written. 
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Discussion before the North-EIstern Centre, at Newcastle, 26 January 1926 . 


Mr. W. G. Bass : The author has succeeded in making 
a very useful contribution to the subject of induction 
voltage-regulators. He has, however, set out to describe 
the uses and possibilities of induction regulators as 
applied to feeder and interconnector circuits, and in this 
I do not think he has been so successful. The general 
subject of feeder voltage-regulation covers so wide a 
ground that a comprehensive treatment of it cannot 
be made within the limits of a paper which confines itself 
principally to the description of one type only of feeder 
voltage-regulator. On page 868 the author states that 
the induction regulator, though expensive, is the 
only practical device which permits the control to be 
gradual*' and in the last paragraph of the paper he 
says, the principal field for the induction feeder 
regulator is in interconnector circuits, where the boost 
is required to be gradual and capable of very fine adjust¬ 
ment, and in supply feeder circuits where boosts greater 
than 6 per cent are required." At one time apparently 
the gradual control was deemed to be a most desdrable 
property of a feeder voltage-regulator. In an endeavour 
to approximate to it step-switch regulators were designed 
many years ago to give a boost of 10 per cent in no less 
than 14 steps. Actually, in operation it has been found 
that steps of less than 3 per cent are not necessary to 
secure an effective control of the current transmitted 
in parallel feeders. Also, gradual control is not necessary 
in the case of regulators for use in low-pressure circuits. 
Rapid variations of 2 per cent in the voltage are not 
detected by the eye and do not give cause for complaints 
by consumers, therefore a step-switch regulator which 
boosts the voltage in steps of 2 per cent can safely be 
used. The gradual-control feature of the induction 
regulator therefore not being of great practical use, 
there is no point in buying an expensive type of regulator 
which provides it. This means that the other types of 
regulator are in competition with the induction type, 
and in the matter of price the latter is invariably at 
a disadvantage, particularly in those cases where phase- 
shift is objectionable and the double polyphase type 
has to be used. I have in mind one job an induction 
regulator for which was quoted at a price 200 per cent 
lugher than that quoted for a contactor-type regulator 
to do the same duty. The reduction in the number of 
steps has the effect of considerably cheapening the step- 
swit^ regulator. Further, switchgear difficulties are 
considerably reduced in ilLe modem arrangement of 
this regulator„> the switchgear being connected in a 
comparatively low-voltage circuit. The system permits 
of the use of standard switchgear over a wide range of 
booster kVA aind voltage, and effects a further saving 
in cost. On this account the step-switch regulator is 
used to a very considerable extent in feeders whidi 
requite a boost considerably greater than 6 per cent. 
As an example of this the Newcastle Electric Supply 
Co. are now installing in an 11-kV feeder a step-switch 
regulator which will give a boost of 36 per cent. Where' 
the operation of the regulator is frequent the step- 
switch type supers, but in this case the contactor type 
is the cheaper alternative and one which promises to 
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be altogether more satisfactory. It employs standard 
contactor gear which is of very robust construction and 
capable of thousands of operations before the contacts 
have to be renewed. A further point bearing on the 
question of cost is not discussed by the author. It is 
a difficult matter to insulate conductors in slots for a 
voltage greater than 13 kV and it is therefore necessary 
in e.h.t. feeders to use step-down and boosting trans¬ 
formers for the shunt and series windings respectively 
of the induction regulator. In this case the difference 
in cost between the two types of regulator is therefore 
the dffierence between the induction regulator in the 
one case and the switchgear in the otlier. If the range 
of boost is not excessive the switchgear will prove to 
be the cheaper, particularly if phase-shift has to be 
avoided and the double regulator used. Where a wide 
range of boost is required it may be economical to use 
an induction regulator in conjunction with a step- 
switch type, the number of steps on the latter being 
reduced to a minimum and the induction regulator 
boosting between the steps. On account of the smaller 
range of boost required of the induction regulator in this 
case it is possible tiiat the phase-shift introduced by a 
single regulator would not be sufficiently great to prove 
objectionable and, therefore, the double regulator 
would not be necessary. I should be glad to know 
whether the author has considered this combination of 
the two types for feeder voltage-regulators. Anotlier 
point bearing on this question of cost is the character¬ 
istic of the induction regulator that it gives a negative 
as well as a positive boost and as much of the one as 
of the other. When the regulator is used in conjunction 
wii^ a transformer it may be possible so to fix the voltage 
ratio of the latter that the negative boost of the 
induction regulator can be used. When used as a feeder 
voltage-regulator, however, the negative boost is 
useless, so that the purchaser is paying for twice the 
booster kVA required. I have wondered whether it 
would be possible to avoid this by connecting in series 
with the shunt winding a series winding which would 
have the effect of giving a permanent boost of one half 
the total. The r^j^maining half, which would be variable, 
would be so applied as either to boost up or buck against 
this permanent boost. What is the author's opinion of 
this proposal ? One point which is not touched upon 
in the paper is the capability of the induction regulator 
to withstand the stresses resulting from tlie passage 
through it of the short-circuit current of the feeder in 
which the regulator is installed.. Tliis may be, depending 
upon the circuit impedance, more than 20 times the 
normal full-load current, and it is most essential that 
a feeder voltage-regulator be capable of withstanding 
the resulting stresses. It is possible to provide for this 
condition in the case of the step-switch regulator, and 
I shall be glad to have the author's assurance that it 
is also possible in the case of the induction voltage- 
regulator. The author does not refer to the three-wire 
regulator. In networks which have been changed 
over firom direct current to single-phase three-wire 
alternating current it is possible that such regulators 
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will be of use. They axe cheaper than the alternative 
two single-phase regulators, one installed on each side 
of the neutral, and it would have been of interest if the 
author had described them together with their character¬ 
istics. Their use is limited, I believe, to circuits in 
which the out-of-balance is not excessive, say less than 
10 per cent, and I should be glad if the author would 
confirm this. The automatic operation of single-phase 
regulators leads to difl&culties. In the section dealing 
with automatic operation the author assumes a 
convenient auxiliary low-tension supply and the use of 
a squirrel-cage motor. It should, however, be assumed 
that no independent source of supply to the motor can 
be provided. This is a quite reasonable assumption 
to make as it may not be possible to provide it under 
any circumstances whatsoever, and if possible it may be 
altogether too costly. Therefore, with the regulator 
for use in a single-phase three-wire circuit a single-phase 
motor must be provided. The induction type has not 
proved suitable, so far as my experience goes. The 
most suitable characteristics for tliis motor are those of 
the commutator type. In addition it must be capable 
of very frequent starting up. A satisfactory motor 
having these properties is difficult to obtain and I 
should particularly like to hear what the author has 
to say with reference to sudi motors, which form a most 
important link in the equipment of the single-phase 
automajtic feeder voltage-regulator. 

Mr. A. W. Crompton: I agree with the author that 
with the increase in the number of a.c. lighting networks 
and also in the schemes of interconnection, etc,, the 
need for regulators is greatly extending. Unfortunately, 
neither the step type nor the induction type has reached 
that stage of development which meets all requirements. 
The comparative cost of the induction type a.s against 
the step type is decidedly in favour of the latter. The 
largest induction-type regulator referred to (1 760 kVA) 
is not large enough to deal with ^e permissible loading 
of some main transmission lines. Incidentally there 
appears to be a certain amount of laxity amongst 
operating engineers when referring to the rating of regu¬ 
lators, the correct figure being of course that based upon 
the maximum voltage boost and not upon the line voltage. 
The boost given for a certain relative position of the 
stator and rotor appears to depend ppon the power 
factor of the load supplied. The same simplicity of 
operation does not therefore obtain as with the step 
type, in which the steps can be numbered to correspond 
to definite voltages. The chief advantage of the induc¬ 
tion regulator in providing a means of var 5 nng the 
voltage very gradually would appear to be of great 
utility in many ring-main systems, enabling full use to 
be made of the copper. For example, in the case of a 
ring main where one side of the ring may be fully loaded 
due to load ne^ the power station, the other side may 
only carry a comparatively small load due to the dist^ce 
away of the first substation. Reference is made to the 
reliability of the induction reg^ator, but unfortunately 
this does not apply jbo the automatic control gear, and 
it would certainly appear advisable to provide means of 
isolating the regulator so that during or after the repair 
of any essential part of the gear the regulator may be 
operated clear of the circuit in which if £ normally used. 


Mr. R. J. H. Beaty: The fitting of tappings to the 
main tr^sformer is a makeshift that can be tolerated 
where the power is small and the pressure moderate, 
but engineering instinct and experience tells one that 
it would be bad practice when dealing with a large 
power at extra high pressure. In sudi a case a simple 
boosting transformer should be connected in series 
with the feeder and have its primary fed from either an 
induction regulator or a transformer with tapping 
switch. With this arrangement, if a short-circuit 
occurs on the regulating device the boost will simply be 
lost, but the feeder need not be cut off; whereas with 
tappings on the main transformer, if a short-circuit 
occurs on the tapping switch or its connections the 
load will be lost and possibly the transformer as well. 
The series transformer could be insulated so that the 
risk of a breakdown to earth would be extremely small, 
and a short-circuit would not be a serious matter. It 
is true that the primary of the regulator would have to 
be cleared, but as this represents only a fraction of the 
feeder load, and as the regulator has considerable 
impedance, the momentary disturbance to the system 
would be small. The author gives the full-load losses 
as 4 per cent in a large, and 8 per cent in a small, induction 
regulator. The corresponding figures for a tap-switch 
booster would be IJ per cent and 3 per cent, but it 
must be admitted that the latter device will not do all 
that an induction regulator will do. For a motor-driven 
boosting alternator one would expect these losses to 
be 12 per cent and 24 per cent. Many members will 
have seen d.c. power stations equipped with small 
motor-driven feeder boosters in which the losses are 
more than 30 per cent. 

Mr. G. Turnbull; In our own area we have a bulk 
supply through long feeders, and there is a tendency for 
the pressure to fall during the times of heavy load, and 
for it to rise excessively on light load. We have recently 
installed a booster and are able to give consumers a 
good pressure on the peak loads and to reduce the 
pressure in the middle of the night, which greatly im¬ 
proves-*the life of street lamps, and also reduces the 
number of lamp failures. In ordering a booster,^ the 
natural tendency is to arrange it to boost upwards, 
but in some circumstances it may be found better to 
set the pressure high by means of the transformer 
tappings, and to boost downwards at times of light 
load. This will give the booster less work to do. In 
many cases a good arrangement is to arrange the trans¬ 
former tappings so that the booster has a minimum of 
work to do, only boosting up when the load is heavy, 
and boosting down when the load is ligl^t, but in times 
of normal load doing little or no work. 

Mr. L. H. A. Carr {in reply) : The practice in this 
country with regard to boosting trans&rmers and 
induction regulators has not yet become crystallized, 
since the need for such forms of apparatus is'only in 
its infancy. This need is, however, growing, ahd it 
was largely to explore the position from the point of 
view of the induction regulator that this paper was 
written, rather than to lay down a hard and fast rule of 

standard practice.*' At the same time, one cannot 
at all agree with most of Mr. Bass's contentions. Where 
steps of 6 per cent in voltage are sufficiently fine, the 
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boosting transformer is probably—one might almost 
say certainly—^the better alternative; but it has yet 
to be proved, first, that steps as coarse as this can be 
used in the majority of cases, and secondly that where 
smaller steppings are necessary (taking into considera¬ 
tion first cost, reliability, and cost of maintenance) 
the boosting transformer is the better scheme. Further, 
I cannot agree with Mr. Bass (and neither apparently 
does Mr. Crompton) that the gradual-control feature 
of the induction regulator is “ not of great practical 
importance/* 

With very small installations the relative figures of 
cost quoted by Mr. Bass are probably correct, but the 
larger the output required, the cheaper becomes the 
induction regulator compared with the transformer- 
step-switch combination. Further, as the permissible 
stepping limit becomes smaller, so the cost and compli¬ 
cation of the boosting transformer combination increases, 
as must also its liability to breakdown, while the neces¬ 
sity for continuity of supply during switching operations 
still further increases the cost of this system. It is 
tlierefore found in some of the larger projected installa¬ 
tions that the induction regulator costs little more 
than the transformer scheme, while having the advantage 
of possessing fewer links in the chain and hence less 
liability to break down. 

Mr. Crompton suggests that the reliability of the auto¬ 
matic control gear may not be so high as that of the regu¬ 
lator itself, and that a breakdown may occur due to this. 
None of the power, however, goes tlurough the control 
gear, and as hand operation is always provided as a 
stand-by, the breakdown of the control gear does not 
necessitate putting the regulator out of action. 

Mr. Bass suggests the use of a step-switch transformer 
together with a small induction regulator to bridge the 
gaps. This is quite feasible, but except in a large instal¬ 
lation the first cost of such a scheme would be relatively 
high, as it must be remembered that the cost per kilovolt¬ 
ampere of a regulator falls rapidly as the size is increased, 
so that, conversely, if the size of the regulator is de¬ 
creased the cost per kilovolt-ampere (of the regulator) 
increases rapidly, and little saving is made in the cost 
of the regulator if the latter falls below a certain 
critical size for each voltage. For large installations, 
however, the scheme is worth consideration, which as a 
matter of fact it has received in certain specific cases. 

With regard to the cancellation of the negative boost, 
it would be possible to place half the secondary winding 
on the primary member, and so produce a boost varying 
from zero in one direction only. While.I believe thif 
has occasionally been done in the case of a single-phase 
induction regulator used for testing purposes, the con¬ 
struction is ^f no advantage in the feeder regulator and 
there is no saving obtained by adopting it. The losses 
would remain the same, and the only result (besides an 
infinitesimal lowering of the leakage reactance) would 
be the production of a regulator to give from 0 to, say, 
+ 10 per cent boost, instead of — 10 per cent to -|- 10 
per cent, at the same cost and with the same losses. 


In a large installation, where a smaller regulator could 
be built economically, instead of the above scheme 
it would be wiser to consider a -|- 5 per cent boosting 
transformer permanently in circuit, together with a ±6 
per cent regulator. The alleged uselessness of the 
negative boost has, however, been over-stressed in the 
discussion. The question does not arise in the case of 
complete new installations where the transformers 
can be made of a suitable ratio, and even when the 
regulator is added to an existing transformer distribu¬ 
tion system the transformer voltage may frequently 
be adjusted, since the majority of large transformers 
appear to be provided with taps covering from — 5 
per cent to -1- 6 per cent. Further, in an interconnector 
between two power stations both positive and negative 
boost are required, so that the boost may be set to 
correspond with the power flow. 

I can assure Mr. Bass that induction regulators for 
feeders are most certainly designed to withstand tlie 
very large stresses that may occur on short-circuit, 
special attention being paid to the bracing of the end 
windings, strength of gears, etc. 

I regret that I have no particulars available of single¬ 
phase three-wire regulators. Such a regulator is, 
however, perfectly feasible, and would have two secon¬ 
dary windings on the same core, a single primary winding 
being connected across the outers. So long as the 
out-of-balance current is small, this arrangement would 
work quite satisfactorily. The advantage of tliis 
scheme is that it would be cheaper, and slightly more 
efi&cient than two single-phase regulators each of half 
the capacity. For operating a single-phase regulator, 
in order to overcome the difficulty of the limited starting 
torque of the single-phase induction motor, at least 
three alternative schemes may be employed :— 

(1) The motor is allowed to run continuously, clutches 

or ratchets being operated automatically when 
a change of boost is required. 

(2) The motor is geared down to the regulator through 

a low-speed crank and connecting rod operating 
a ratchet device. The gear is so devised that 
the motor always starts with the pawls of the 
ratchet out of engagement, and thus starts light. 

(3) The motor drives the regulator through a centri¬ 

fugal slipping clutch. 

In reply to Mr. Crompton, the boost given for a certain 
relative position of stator and rotor depends, for all 
practical purposes, solely on that position. The only 
effect of the power factor of the load is to change the 
vector relationship of the internal impedance drop of 
the regulator, the effect of which change is practically 
imperceptible at the terminals. Ij: is, therefore, possible 
to mark the regulator so tliat definite settings corre¬ 
spond to certain definite amounts of boost. Finally, 
I would state that the kVA figures quoted refer to the 
output of the regulator and not to the capacity of the 
feeder to which it is connected. 
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. POLYPHASE TRANSFORMER MAGNETIZING-CURRENT WAVE-FORMS.* 

By P. Kemp, M.Sc.Tech., Member, and H. P. Young, Associate Member. 

(Paper first received 2nth January, and in final form 22nd April, 1926 .) 


Summary. 

The paper deals with the anal 3 ^es of the magnetizing 
currents taken by groups of transformers connected in 
various manners for operating on polyphase (and particularly 
on three-phase) systems. The method of treatment employed 
is to assume that a sine wave of hux necessitates the applica¬ 
tion of a peaked wave of magnetizing current, and that the 
difference between this desired wave and the wave actually 
obtained brings about various modifications in the behaviour 
of the apparatus. The properties of the star, delta, tee- 
and vee-connected windings are discussed, particularly with 
reference to harmonics, oscillographip confirmation being 
given where possible. Various six-phase systems are also 
discussed, in view of their importance in connection wi^h 
rotary-converter work. 

For convenience, a number of oscillograms have been 
omitted, only the results being quoted in the paper itself. 


It is a well-known fact that third-harmonic currents 
cannot flow in a balanced three-phase star-connected 
system with isolated neutrals, and that a three-phase 
delta constitutes a short-circuit path for such currents. 
Furthermore, the magnetizing current flowing through 
a winding surrounding an iron core contains a very 
considerable third harmonic if the iron is saturated, 
assuming the applied E.M.F. to be sinusoidal in wave¬ 
form, If, th^efore, three such magnetizing windings 
be connected in star and a sinusoidal E.M.F. be applied 
to the combination, the flux densities in the cores being 
sufi&cient to cause saturation, it follows that since the 
third-harmonic currents caimot flow directly, the form 
of the M.M.F. and the resulting flux waves must be 
modified in some way. 

The object of the present investigation is to examine 
certain aspects of this subject and tD trace out the 
mechanism whereby the various results are obtained. 
For this purpose a method of treatment will be employed 
which invol'^es the idea of considering a sine wave as 
being composed of a peaked component consisting of a 
sine wave and a third harmonic, together with a third- 
harmonic sine component* equal and opposite to the 
third-harmonic part of the main peaked component. 
This idea is illustrated in Fig. 1, which shows a resultant 
sine curve A, and its two equivalent components, B and 
C, these being the peaked and third-harmonic components 
respectively. As ordinary transformer magnetizing 
currents can be represented to a fair degree of accuracy 
by a sine wave together with a third harmonic, and 
very accurately by a sine wave together with'a third 

* The Papers Committee invite mitten communications (with a view to 
publication in the Journal if approved by the Committee) on papem published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one mci^h after publication of 
the papers to which they relate. 
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and fifth harmonic, the applied E.M.F. being sinusoidal, 
the main peaked component, B, can be made to represent 
the main fundamental magnetizing current, whilst the 
third-harmonic component, C, will be employed in 
producing a third-harmonic flux. The treatment could 
be carried further, if desired, by considering the third 
harmonic itself as being peaked, the difference between 
the peaked and the sinusoidal third harmonic giving 
rise to a further magnetizing current of nine times the 
fundamental frequency. 

In the case of a balanced three-phase star-connected 
choking coil supplied with a sinusoidal line voltage, 
the neutral points being isolated, third-harmonic currents 
cannot circulate. Since, however, a sinusoidal phase 
voltage demands a magnetizing current containing a 
third harmonic, it follows that the phase voltage is not 
sinusoidal. The difference between the actual phase- 
voltage wave-form and the sine phase-voltage wave- 



Fig. 1.—Composition of sine curve. 


form, obtained from a consideration of the line voltage, 
must be exactly neutralized by a corresponding differ¬ 
ence in the other phase. This difference consists of. a 
third-harmonic voltage; for since the fundamental 
E.M.F.'s directed away from the neutral point are 120® 
out of phase, the third-harmonic voltages are 360® out 
of phase and so cancel out between lines. (Higher 
harmonics such as the ninth, etc., are here neglected.) 

If the line potentials are S 3 ntnmetrical with, respect 
to earth, the potential of the neutral star>point wfll not 
be that of earth, but will oscillate about earth potential 
at third-harmonic frequency with a mag^tude equal 
to that of the third-harmonic phase voltage. If the 
choking coil neutral point is in electrical connection with 
the supply neutral point, these third-harmonic voltages 
will be expended in forcing third-harmonic currents 
through the system, the fourth wire acting as a drain 
since it forms the return path of all three third-harmonic 
currents. The relative magnitudes of the impedance 
of the fourth wire and the phase windings will now 
determine the proportion of the third-harSnonic voltages 
which , is absorbed in, the windings themselves. The 
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Dscillation of the neutral potential is reduced and, if 
tKe return path constitutes a short-circuit, thS neutral 
potential is practically stabilized at earth potential, the 
oscillation being damped out. 

In the case of the delta-connected choking coil, a 
sinusoidal line voltage will bring about phase .currents 
which contain a third harmonic. The fundamental 
components of these currents will flow in the line 
conductors, but the third-harmonic components will all 
be in phase with each other, and so will circulate around 
the delta, which constitutes a short-circuit to them. 
The third-harmonic currents thus do not appear in the 
lines, and the third-harmonic voltages are suppressed. 

It is interesting to consider the mechanism whereby 
a generator giving a pure sine wave of voltage, not only 
between lines but also between each line and the star 
point, can supply the primary phases of a three-phase 
choking coil or a transformer with the necessary third- 
harmonic magnetizing current of whatever amplitude 
may be demanded. The condition will be simply but 
adequately represented by the case of a single-phase 
generator developing a pure sine wave of E.M.F. directly 
connected to a choking coil. Neglecting all losses in 



Fig. 2.—Production of third harmonic in current wave of 
choking Coil. 

the latter, the mechanism is explained by the waves 
shpwn in Fig. 2 . 

The generator voltage. Eg, sets up a sinusoidal 
ma^etizing current, 4 lagging by 90®, and this gives 
rise to a flat-topped flux wave, This in turn induces 
a reactive E.M.F. which can be obtained by the differen¬ 
tiation of the flux wave. This reactive E.M.F. wiU 
consist of a fundamental component, E^, which is balanced 
by the applied generator voltage, and a third-harmonic 
component, E^, which is free to circulate a third-har¬ 
monic current, J 3 , through the circuit. This current, 
lagging by its appropriate angle behind the voltage 
j® 3 , can now be combined with Ig to give the resultant 
magnetizing current, I. In addition, however, it sets 
up a harm< 5 nic flux in phase with itself, and this, com¬ 
bined with the flux directly due to the applied voltage, 
brings about the resultant flux wave, 0. This wave is 
still flat-topped to a certain extent, but not so much as 
is the wave represented by 0 ^. 

It will be noticed that the generator only supplies 
directly the fundamental magnetizing current and the 
current necessary to account for the various losses. This 
is true whether the star points of the generator and 
•choking coil sCre isolated or directly connected together. 
• The choking coil supplies the harmonic currents necessary 


for its own magnetization, the generator windings 
merely forming part of the path for the circulating 
currents. If, owing to the method of connection, there 
is no path for third-harmonic currents, the flux wave 
will suffer a further deformation, and this will cause the 
choking coil to set up additional fifth harmonics, etc., 
which will tend to make up the deficiency as completely 
as it is able. 

The effects of one harmonic can only be imitated 
exactly by a combination of an infinite number of other 
harmonics, all of equal amplitude to one another and 
to that of the harmonic whose effects are to be repro¬ 
duced. This can be seen from a consideration of the 
expression:— 

^Ei sin oit -i- Jfj sin Zixyt -f E^ sin 6 a>i -j- . . . = 0 
Putting = J ?3 = J? 3 , etc., this resolves itself into 
sin ayt -|- sin Zoit - 1 - sin 6 a>< -|- • • • = 0 
and hence 

sin Zo)t «= — sin (x)t — sin 6 a>i . . . 

As this is not a convergent series, the effect of a dozen 
or so of terms does not give a useful approximation to 
the desired harmonic. 

Indeed, since the various terms all commence in phase 
with one another, the initial part of the wave will be 
widely dissimilar from that desired. The central por¬ 
tion, however, corresponding to the period of safuration, 
will approximate fairly closely because neighbouring 
harmonics are on alternate sides of the zero line. The 
maximum value of the desired harmonic wave will be 
faithfully reproduced if an odd number of components 
be chosen. 

The above ideas will be expanded so as to deal with 
various transformer connections, the applied E.M.F.'s 
being assumed to be sinusoidal in all cases. 

Case 1: Star-Star Connection. 

[a) Both neutrals isolated ,—^Assuming a balanced 
S 3 rstem, the third-harmonic currents cannot circulate, 
so that as a first approximation the magnetizing current 
may be considered as obeying the simple sine law. To 
produce a sine wave of flux, however, necessitates a 
magnetizing cuprent having a third harmonic, owing 
to the shape of the BH curve, the magnitude of this 
third harmonic depending upon the degree of saturation. 
The effect of hysteresis is here neglectedr but will be 
considered later. The actual sine wave of magnetizing 
current may be considered as consisting of a peaked 
component, itself consistmg of a pure sine wave together 
with a third harmonic, and a third-harmonic component 
to balance the corresponding third harmonic in the 
component (see Fig. 3). The peaked component 
of the magnetizing current will giye rise to a sine wave 
of flux, and the third-harmonic component may be 
assumed to give rise to a third-harmonic flux. (This 
is not strictly accurate, as the harmonic M.M.F, cannot 
produce the same effect as it would do if the fundandental 
M.M.F. were absent. The degree of saturation will 
affect the discrepancy.) The resultant flux wave will 
be flat-topped or dimpled, depending upon the dLegree 
of saturation’.^ “Both component fluxes will induce 


MAGNETIZING-CURRENT WAVE-FORMS. 


879 


E.M.F.'s in the primary and secondary, the wave-forms 
being the same in the two cases. These E.M.F.’s will 
lag behind their respective fluxes by 90®. The resultant 
wave of induced E.M.F. will thus be peaked and the 
harmonics set up by the transformer, which axe not 
balanced by corresponding generator harmonics, axe 
expended in impedance drops. The phase voltage 
between line and star point: is thus seen to contain a 
considerable third harmonic. The R.M.S. value of the 
potential of the star point will differ considerably from 
that of earth, assuming the three-phase system to be 
balanced about earth potential. The voltage between 
star point and earth will produce a triple-freq^uency 
effect, its magnitude depending upon the degree of 
saturation in the coils. 

It is found, however, that with the iron used m prac¬ 
tice the effect is not so simple as indicated above, for 
the fifth harmonic is by no means negligible. The 
manner in which the fifth harmonic is set up will next 
be discussed. It was stated above that a sine wave of 
magnetizing current could be split up into two compo¬ 
nents, one producing a flux wave of fundamental 
frec^uency and the other one of third-harmonic frequency. 
The addition of two waves in this manner is true for 
M.M.F.^'s, but is only correct for fluxes throughout 
straight-line portion of the BE curve. When saturation 
commences to take place, the resultant flux due to two 
acting simultaneously is less than the sum of 
the fluxes set up by them when acting independently. 

In considering the effect of a third harmonic upon a 
sine wave of flux, it follows that the half wave of 


Fundamental 
component 
of flux 

Resultant 

Applied 
fundamental 
phase 
voltage 


Fig. 3.—Origin 


ffeaked component of 
niagnetizing current 

Induced primary E.M.F. 

I Fundamental component of 
J /induced primary 



Third-harmonic component of flux 
of peaked phase voltage in star-connected 
system. ^ 


each phase winding. These E.M.F.'s will not cancel 
out betwfeen lines as in the case of the third harmonii, 
but will give rise to a line resultant, causing a fifth- 
harmonic magnetizing current to circulate between 
transformer and generator, and there will be a fifth 
harmonic in the P.D. between transformer line terminals, 
even though the open-circuit induced E.M.F. in the 
generator be an ideal sine wave. The transformer 
phase-voltage can be obtained by the differentiation of 
the flux wave. This voltage wave, together with its 
components, corresponding to the flux wave shown in 
Fig. 4 (d), is represented in Fig. 4 (c). It will be observed 
that, whilst the generator supplies the fundament^ 
magnetizing current directly, the transformer iron is 




harmonic flux occurring in the middle of the f undasmental 
half wave will have a smaller amplitude than the half 
waves immediately preceding and following it. This 
is indicated in Fig. 4 (a), which shows a fundamental 
half wave together with a third harmonic, the middle 
half wave of which is damped down. Fig. 4 (b) shows a 
giTnilar effect, but in Ihis case the distortion is due to 
a combination of third and fifth harmonics. The two 
resultants are very similar. This goes to show that 
owing to the gradual bending over of the BE curve, 
a fifth harmonic is introduced into the flux wave in 
addition to the third already described. The funda¬ 
mental, third and fifth harmonics are all in phase with 
one another, i.e. they all commence to rise from zero 
in the positive direction simultaneously. 

Owing to the presence of a fifth harm^pnic in the flux 
wave thare will be a fifth-ha^onic E.M.F. induced in 


responsible for the setting up of the voltage harmonics 
and hence the harmonic components of the magnetizing 
current. The third harmonic is absent in the magnetiz- 
ing-current waive, but instead of this there is a pronounced 
fifth harmonic. ^ 

The phase of the fifth harmonic in the magnetizing 
current cam be obtained from Fig. 4 (5).^ Since the 
fifth-harmonic flux is tending to peak the resultant 
flux wave, the fifth harmonic in the magnetizing current 
must do the same. This harmonic cannot, however, 
make up for the* lack of third harmonic, and so *&© 
resultant flux wave is still fiat-topped. The distorrion 
of *(116 flux wave is much less than "the distoirtion of the 
corresponding voltage wave, but it can be seen quite 
distinctly in the oscillograms shown in Fig. 5. The 
flat-topped wave represents the flux wave' of a ^oup of 
three single-phase ^ansformers with the neutral isolated. 
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the other wave representing the condition when the 
tfansformer star point was connected to the generator 
star point. This permitted the third-harmonic inagne- 



Fig. 6.—^Flux waves with star points; (a) connected, 

(&) isolated. 

tizing current to flow and so enabled the flux wave to 
regain approximately its sinusoidal shape. The phase 
voltage of the same group of transformers when operating 


flux density is 14 000 lines per cm^. The flux wave 
contains an 18*4 per cent third harmonic, giving rise 
to an appreciable dimpling, whilst the fifth harmonic 
in the magnetizing current rises to the high value of 
23*2 per cent. The phase voltage is thus seen to 
contain a third harmonic having a magnitude equal to 
66*2 per cent of the fundamental voltage between line 
and neutral. The corresponding values for other flux 
densities are shown in Table 1. 

The change in the phase of the fifth-harmonic mag¬ 
netizing current is clearly shown in the table, and the 
figures seem to point to the fact that the third-harmonic 
phase voltage reaches an upper limit of the order of 
60 per cent of the fundamental (see Fig. 8). 

Considering next the effect of hysteresis, it will be 
assumed that a current of one frequency cannot be 
produced by an E.M.F. of another frequency. In the 
usual method of treatment this condition is not adhered 


Table 1. 


Stalloy 

Max. flux density in lines per cm^ .. 

Fundamental H . 

Fifth-harmonic H . 

Third-harmonic phase voltage 
Third-harmonic flux .. 

Fifth-harmonic magnetizing current . 

with an isolated neutral is given in Fig. 6. This voltage 
wave contains a 46 per cent third and a 10 per cent 
fifth harmonic, the former approximately in opposition 
and the latter in phase, so that they bo-^ tend to peak 
the resulting wave. 

If a sine wave of terminal volts between lines be 
assumed, there may be a third harmonic in the phases 
(i.e. between line and neutral) but there cannot be any 
fifth harmonic, since if there were it would appear 



€ « lOO Sirv 00^ + -16 sin (3<fl)^ +174®) +10 sin (5(d)f-*f 320®) 
Fig. 6.—Phase voltage with isolated neutral. 

betw^een lines. In order to comply with this condition 
a very considerable fifth harmonic is set up in the 
primary magnetizing current, this being of suf&dent 
magnitude to cause a pronounced dimple in the flux 
wave and hence in the current wave when the flux 
density is high. Fig. 7 shows an example of this and 
refers to ordinary stalloy plates in which the maximum 


Plates. 


11 000 

12 000 

13 000 

14 000 

7-94 

12-28 

19-68 

30-21 

+0-27 

-0-66 

-3-37 

-7-02 

16-8% 

42-6% 

61-9% 

66-2% 

6-6% 

14-2 % 

17-3% 

18-4% 

-l-3-4% 

-4-6% 

-17-1% 

-23-2% 


to, and a hysteresis current of irregular wave-form is 
obtained as a result. This gives rise to a discrepancy 
which is commonly neglected, for if the applied E.M.F. 
is sinusoidal, the power factor of the hysteresis current 
of irregular wave-form cannot be unity, and, apart 
from an E.M.F. of one frequency producing a current of 



another frequency, it is supposed to produce a current 
which cannot give rise to any watts. The current is 
therdore not solely a hysteresis current. 

It is much simpler to assume that the applied voltage 
produces a sine wave of current of suf&cient magnitude 
to account for the hysteresis loss, since this is supplied 
directly from the generator or other source of power. 
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Subtracting this current from the total no-load current, 
the total magnetizing current is obtained. This now 
consists of a fundamental and harmonics symmetrically 
distributed about a 90® vertical axis, together with 
components more or less in phase with the voltage, 
tending to increase the resultant current in the first 
quadrant and to diminish it in the second. The result 
is to elevate the customary hump on the left-hand side 
of the wave and to depress the one on the right. 

The fundamental component of this magnetizing 
current is supplied by the generator. This induces a 
flat-topped flux wave which, owing to the harmonics 
contained in it, sets up E.M.F.'s of various frequencies. 
These E.M.F.’s give rise to the various harmonics in 
the resultant magnetizing current and tend to eliminate 
the flux harmonics, reducing the distortion of the flux 



•^maxT 


Fiq. s,—S ummary of harmonics for various values of Bmax, 

wave. If no hysteresis were present, these harmonics 
would all be symmetrical about the 90® ordinate, but 
owing to the fact that the up " magnetization curve 
differs from the “ down " curve, some of the harmonics 
have a phase displacement and cause part of the familiar 
dissymmetry in the resultant current wave. Neverthe¬ 
less, these components of* the current strictly belong to 
the magnetizing and not to the loss portion of the current, 
and are derived not from the generator directly but 
from the transformer itself. The generator supplies 
only the fundamental sine wave of magnetizing current 
and a power component, also sinusoidal and of funda¬ 
mental frequency, to account for the hysteresis loss. 
All harmonic currents are derived from the transformer, 
the shape of the flux wave so adjusting itself that these 
components are possible. 

If the impedance of the paths of the h^pnonic currents 
were negligibly small, the number of harmonics in the 


current^wave would be infinite and the flux wave woyld 
be approximately sine-shaped. But in the case of 
transformers or choking coils this condition is impossible 
of attainment since the reactance is directly propor¬ 
tional to the frequency. Again, in tlie case of a three- 
phase star-connected bank with an isolated neutral 
the third harmonic and multiples thereof cannot act, 
and the deficiency due to this cause cannot, as previously 
shown, be made up by tlie higher harmonics. As a 
consequence the flux wave can never be exactly sine¬ 
shaped, altliough a very close approximation may be 
obtained with favourable conditions. 

In a single-phase transformer or choking coil, third- 
harmonic currents are possible and such currents are 
supplied by the transformer itself on account of its 
particular flux wave-forms. In the case of a balanced 
tliree-phase star-connected group with isolated neutral, 
these third-harmonic currents cannot flow, and hence 
the flux waves must adjust themselves in shape to meet 
the new conditions. Generally, this means flatter- 
topped flux waves. If the maximum flux density in 
the magnetic cores is the same as before, the hysteresis 
loss per unit volume will be the same, assuming the 
same frequency, and so the hysteresis current should be 
the same. On the usually accepted method of determin¬ 
ing hysteresis current, this would work out differently 
in view of the different shape of the flux wave, and this 
is surely wrong. This again serves to point out that 
the generator supplies the sinusoidal hysteresis current, 
and the flux waves give rise to induced E.M.F.'s which 
contain harmonics and so cause the potential of the 
neutral to oscillate. The magnetizing currents, deficient 
in third harmonics, are partly obtained from the 
generator (fundamental) and partly from the transformer 
(harmonics). 

(h) Both neutrals isolated. Secondary delivering four- 
wire supply .—It is well known that an unbalanced load 
to the neutral cannot be delivered satisfactorily with 
this combination, since the corresponding primary 
currents which magnetize the core, result in a serious 
shifting of the primary neutral point. The mainteqance 
of the voltage on the secondary side is therefore imprac¬ 
ticable. If, however, the primary neutral be connected 
to the star point of the generator windings, the unbal¬ 
anced current can circulate between the primary 
winding and the corresponding phase of the generator 
winding, the phase voltages being therefore approximately 
balanced. These considerations apply particularly to 
single-phase transformers, both core and shell type, 
and to three-phase shell-type transformers. They only 
apply to a limited extent to three-phase core-t 3 ^e 
transformers, since in this case the magnetic fluxes in 
the three cores are interlinked, giving a^ very much 
better balance of the phase voltages. 

If the secondary supplies a balanced load, however, 
there is a closed path for the third-harmonic compqnents 
of magnetizing currents, these currents circulating 
through the transformer windings, lines and load 
impedances. As all the third-harmonic currents are in 
phase with one another, their arithmetical sum will 
return to the star point of the transformer coils via the 
fourth conductor. 

The mechanism^ by which the third-harmonic magne- 
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tizing. current is referred to the secondary may^here he 
mSitioned. Since the primary neutral is isolated, the 
primary magnetizing current cannot contain the neces¬ 
sary third harmonic and so can be represented by a 
peaked wave producing a sine wave of flux, together 
with a third-harmonic component in phase, this producing 
a third-harmonic component of flux. The question of 
saturation in the case of the harmonic is here neglected, 
The two component current waves form a resultant 
sine wave, and the two component flux waves form a 
resultant flat-topped flux wave. Actually resultant 
magnetizing current will contain also a considerable fifth 


be much more nearly sinusoidal than before, and the 
induced E.M.F.'s will also be approximately sinusoidal. 
The peak of the phase voltages will be reduced and the 



Components of 
flat-topped 
flux wave 


Components of peaked 
induced secondary 
voltage wave 

Third-harmonic flux 
J produced by third 
\/‘\ ha rmonic in induced 
secondary voltage 
wave 


FjCr, 9 . —Harmonic magnetization of core from secondary. 



harmonic, but that is not material to the present argu¬ 
ment. The component flux waves may each be regarded 
as giving rise to independent reactive E.M.F/s in the 
primary windings and to induced E.M,F.*s in the 
secondary windings. The sine components of the latter 
win circulate the load currents, the vector sum of which 
equates to zero, so that they do not appear in the fourth 
wire. The third-harmonic components of the E.M.F.'s 
will circulate third-harmonic currents which, being in 
phase, will return to the transformer secondary neutral 
point by way of the fourth wire. The current in this 



Fig. 10.—Vector diagram illustrating secondary 
magnetization. 


wire will be the arithmetical sum of the three third 
harmonics, .^The latter will, neglecting losses, provide 
secondary ampere-turns which can magnetize the core, 
and the resulting third-harmonic flux will lag by 90® 
behiqd the voltage producing it. A reference to Fig. 9 
shows that this flux tends to neutralize the third-harmonic 
component of flux set up by the primary ampere-turns. 
The hypothetical third-harmonic flux set up by the 
third hannonic in the induced secondary voltage wave 
nearly neutralizes the hypothetical third-harmonic flux 
produced by th*e primary ampere-turns. In consequence, 
the flux set up by the primary magnetizing current will 



Voltage between transformer and generator 
neutrals 



Fig. 11.—Oscillograms of star-star-connected transformers 
with isolated neutrals, delivering balanced 4-wire load 
(0-4 A). 




Voltage between transformer and generator 
neutrals • 


Fig. 11 {a ).—Oscillograms of star-star-connected transformers 
with isolated neutrals, delivering balanced 4-wire load 
(1-5 A), 


the aid of a vector diagram, as shown in Fig. 10. The 
various vectors in this diagram correspond exactly to 
the various curves shown in Fig. 9. 



Fig. 11 (6).—^Wave-form of voltage between transformer 
primary and generator neutral points. Transformer 
secondaries on open circuit. 

It is, however, noteworthy that the primary flux 
wave, the primary reactive E.M.F., and the induced 
secondary E.Mj^., cannot be entirely free from third 
harmonics, since"^ these must be of sufficient value to 
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circulate the third-harmonic magnetizing current in the 
four-wire secondary circuits. It should also be noted 
that the magnitude of the third-harmonic magnetizing 
current circulating in the secondaries is inversely propor¬ 
tional to the impedances of the secondary circuits. 
Thus at no load the secondary induced E.M.F.’s, the 
primary reactive E.M.F. and the resultant flux in the 
core will all have maximum third-harmonic components, 
these decreasing as the load is increased, being absorbed 
in circulating the third-harmonic magnetizing currents 
through the secondary circuits. It is thus seen that in 
the case under consideration the voltage wave-forms 
are dependent upon the secondary load. 

Figs. 11, 11 {a) and 11 {b) show a series of oscillograms 
taken on a group of three 2-kVA single-phase trans- 



Fig. 12.—Oscillograms of star-star-connected transformer 
with primary and generator neutrals connected. Neutral 
current (R.M.S.) 1*82 A, 

formers, both neutrals being isolated, and the secondary 
delivering a balanced four-wire supply. The supply 
pressure was practically sinusoidal. The full-load 
secondary current was 10 amperes, but even with a load 
of 1*5 amperes the harmonics in the waves had been 
largely damped down as shown in Fig. 11 {a). As the 
load is gradually decreased beyond this point, the 
harmonics in both primary and secondary phase voltages 
gradually increase, as does also the potential oscillation 
of the primary neutral, this being measured with respect 
to the generator neutral which is assumed to be stable. 
The oscillation reaches its maximum amplitude when 
the load is reduced to zero, as shown in Fig. 11 (b). 

(c) Primary neutral earthed .—The effects of earthing 
the primary neutral at the transformer, the generator 
windings being insulated, is practically the same as 
earthing the generator neutral and keeping the trans¬ 
former neutral insulated. The potentl^s of the various 


windings are tied to earth, but no third-harmonic 
magnetizing currents can flow. The effects are similar 
to those dealt with in Case 1 [(^t) and (b)]. 

Where the transformer neutral is earthed on the 
system in which the generator neutral is earthed as 
well, however, different conditions are set up. There is 




Fig. 12 (a) .—Oscillograms of star-star-connected transformers 
with primary and generator neutrals connected. Neutral 
current (R.M.S.) 0*88 A. 

now a closed path for the third-harmonic magnetizing 
currents to flow in the primary system. The magnitudes 
of these currents will depend to a considerable extent 
upon whether the windings are earthed solidly or tlirough 
resistances. In the latter event they will be limited in 
value to an amount depending upon the value of the 



^ Neutral current 
(R.M.S. value ==o*o8A) 



Fig. 12 (b).—^Oscillograms of star-star-connected transformers 
with primary and generator neutrals connected. 

earthing resistances. The triple-frequency oscillation 
of the neutral potential is very much reduced and may 
be brought down to a negligible value if the earthing 
device is of sufficiently low resistance. The advantage 
thus gained, however, may be more -than counter¬ 
balanced in certain cases by the third-harmonic magnetiz- 



884 


KEMP AND YOUNG: POLYPHASE TRANSFORMER 


ing currents setting up resonance on account of the line 
capacity. In many cases, therefore, this connection is 
dangerous and should be avoided. 

A series of oscillograms is shown in Figs. 12, 12 (a), 
12 (&) and 12 (c), Ulustrating the effect of connecting the 
generator and transformer primary neutrals together 
through resistances of various magnitudes. The trans¬ 
formers were the same as those used for Fig. 11, and, 
were connected star-star, the supply pressure being 
again practically sinusoidal. The resistance in the 
primary neutral wire was varied between a minimum 
value and infinity, and the oscillograms refer to (a) 
primary phase voltage and (6) neutral-wire current. 
The fundamental component in the neutral current was 
due to lack of balance on the part of the individual 
transformers. This current at fundamental frequency 
was gradually eliminated as the resistance in the neutral 
wire was increased. The amplitude of the neutral 
third-harmonic current was gradually reduced simul-- 
taneously, but not to the same extent. The third 



Fig. 12 (c ).— Oscillogram of phase voltage. Neutral current 
zero. 

harmonic in the phase voltage gradually increased as 
the resistance was increased, and became a maximum 
when the neutral wire was open-circuited. Th^ ninth 
harmonic in the current is negligible in the present 
instance. 

The effect of line capacity should also be considered ; 
this is referred to in Case 6 (c). 

Case 2: Star-Star-Tertiary Delta Connection. 

Primary and secondary neutrals isolated ,—^When the 
ordinary star-star connection is applied to a three-phase 
shell-type or tlpree single-phase shell- or core-t37pe trans¬ 
formers, considerable third-harmonic voltages are 
induced in the windings due to the suppression of tlie 
third-harmonic magnetizing current in the two windings. 
These voltages may be of the order of 50 per cent of 
the fundamental at ordinary core flux densities, and 
may even become as high as 60 per cent in extreme 
cases (see Fig. 8). 

The addition of the tertiary winding may be adopted 
for one or more of the following reasons:— 

(1) To protect the transformer from excessive third- 
harmonic potentials. 

(2) To stabilize the neutral potential. 


(3) To prevent telephone interference in the lines 
and earth. 

(4) To supply a load in addition to any of the above 
purposes, i.e. a condenser load for power factor improve¬ 
ment. 

When used for the first-named purpose, the primary 
and tertiary windings act, from the point of view of 
magnetization, as a star-delta system (dealt with in 
Case 4). The flux wave will have a slight tendency 
towards being flat-topped, thus giving rise to slightly 
peaked voltages in both secondary and tertiary windings. 
In the latter case the fundamentals neutralize one 
another around the closed delta, but the third-harmonic 
components are virtually on short-circuit. The resulting 
third-harmonic currents will tend to supply the deficiency 
in the primary magnetizing current and will restore the 
flux wave almost to its normal shape. It is, of course, 
impossible that it should do this completely, as in this 
event there would be no harmonic E.M.F. generated in 
the tertiary, and the action would cease. The tertiary 
winding is designed to carry only the third-harmonic 
magnetizing currents (together with the ninth, etc.), 
and low leakage reactances of the primary and tertiary 
windings considered in combination are not essential. 
In fact it is desirable that these reactances should be 
high enough to limit to a safe value the circulating 
current produced in the tertiary by an accidental ** line 
to neutral'* short-circuit. In this event the voltage 
in one leg of the delta disappears, and the remaining 
two phases may set up a resultant voltage, acting round 
the closed tertiary circuit, sufficient to burn it out by 
means of current at fundamental frequency. 

When a tertiary winding is employed for the purpose 
of stabilizing the potential of an oscillating neutral a 
different set of characteristics is desired. The oscillation 
of the secondary neutral potential is due to the presence 
of third-harmonic E.M.F.*s in the secondary phases, and 
these in their turn are due to the flattening of the flux 
wave. It is therefore desirable that the latter should 
be reduced to the smallest possible amount. The third- 
harmonic component of the magnetizing current, which 
is derived from the tertiary winding, should be set up 
with the least possible magnetic leakage, and the 
coupling between the primary and tertiary should be 
close. In this m^ner the deformation of the flux wave 
necessary to. set up the required E.M.F. in the tertiary 
can be reduced to a minimum. 

Telephone disturbances are due to harmonic currents 
circulating in lines or earth paths which run parallel to 
the telephone cables. In this connection the ninth 
harmonic may not be neglected. The interference is 
dependent upon the magnitudei of the current and the 
length of the interfering line, and is only likely to take 
place on long transmissions when operating either with 
a fourth wire or with an earthed neutral, or, in oth^ 
words, where there is a low-impedance path for the 
harmonic currents. 

When a tertiary winding is used to supply load it 
practically devolves into an additional secondary, and 
the turns must be of sufficient cross-section to carry 
their own load currents at fundamental frequency, 
in addition to the magnetizing currents at harmonic 
frequency. In rHis connection a condenser load has 
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been suggested for the purpose of phase-advancing. 
From the point of view of protection from breakdown a 
looser coupling is now desired, wth respect to both the 
primary and the secondary, so as to provide sufficient 
leakage reactance to withstand either a short-circuit 
on its own lines or on those of other windings. In any 
case a loose coupling is desired with respect to the 
secondary. The tertiary winding may be incorporated 
in the secondary by opening the neutral point of the 
latter and connecting the resulting three free ends to 
the three junctions of the auxiliary delta as shown 
in Fig, 13. In this way a saving in secondary copper 
may be brought about, since tlie third winding is use¬ 
fully employed in carrying the secondary load current 
and in providing a portion of the secondary E.M.F., in 
addition to its other functions. The method suffers, 
however, from two disadvantages. There is no point 
available for direct earthing should the occasion arise, 
and there is a small phase displacement of the secondary 
line E.M.F.'s so that a transformer connected on this 
plan would not be capable of being paralleled directly 
with another one unless the angle of phase displacement 
were the same. This angle depends upon the relative 
number of turns per winding in the main secondary 



and auxiliary delta windings, and lies between the 
extreme limits of 0° and 30®. 

When the primary or secondary is connected in 
delta there appears to be no adequate reason for the 
introduction of a tertiary delta. 

Oscillograms illustrating the effects of a tertiary 
delta are shown in Fig. 14, and serve to point out 
the smoothing effect of the auxiliary winding. The 
full-line curve in Fig. 14 (a) represents the voltage across 
the primary phases with the auxiliary delta opened, 
whilst the dotted curve shows the phase voltage with 
the au^liary delta closed. The suppression of the 
harmonics is quite evident. The corresponding magne¬ 
tizing currents are shown in Fig. 14 (6), the full-line 
curve again referring to the case where the delta was on 
open-circuit, and the dotted curve to the case where 
the delta was closed. The improvement in the primary 
magnetizing-current wave-form is again evident. In 
the latter case the auxiliary winding provides a portion 
of the M.M.F., and a current of irregular shape circulates 
around the closed delta in order to account for the 
difference between the two magnetizing currents in 
Fig. 14 (&). The magnetizing current circulating around 
the closed delta is shown in Fig. l4'l;c). The small 


fundamental present in the wave is accounted *for by 
the lack of balance of the various individual single-phase 
transformers. The oscillating voltage between the 
generator and primary neutrals is shown in Fig. 14 (^?). 
With open-circuited delta (full line) the R.M.S. value 
of this voltage was 50 per cent of the R.M.S. phase 
voltage. This dropped to a negligible amount when the 
auxiliary delta was closed (dotted line). 

In order to imitate the effects of a loose coupling 
between primary and auxiliary delta, reactance was 

(a) 





{a) Wav«-fotm of volta^ across Primary (star) phases. 

Fidi-linc curve wiui delta open-circuited. 

Ddted-lim curve with delta on short*cir^t. 

(6) Wave-form of primary magnetizing current. 

Fun-line curve with delta open-drcuited (R.M.S value 0-86 A). 

Dotted hne curve with delta on short-circuit (RJilS. valuesPrimary 
« 1*1 A; tertiary « 0’3 A). 

Wave-form of magnetizmg current in delta (R.M.S. value - 0’ 3 A). 
id) Voltage waves between transformer primary and generator neutrals. 

Fidlrline curve with delta open-drcuited (R.M.S value — 60 V). 

/1 ^i‘**^'^^«^«withdelta on short-circuit. {R.M.S. voltageneglirible.) 

\fi) Voltage waves between transformer primary and generator neutnals. 
FuU-line curve with delta open-drcuited (R.M.S. 4 mlue « 60 V). 
Doiied'line curve with external reactance connected in circuit wiui delta 
(R.M.S. value «= 20 V), 

introduced into the latter. The oscillafing voltage 
between generator and primary neutrals was consider¬ 
ably affected as shown in Fig. 14 (d), its R.M.S. value 
falling from 60 per cent to 20 per cent of that df the 
phase voltage. The loosely coupled tertiary delta is 
not so effective in damping out the voltage oscillation, 
but it is safer in the event of a fault. 

Summary of star-star connections in order of preference. 
—(1) The best arrangement is with thsee-phase core¬ 
type transformers, the third-harmonic voltage being 
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reduced to a negligible value. The neutral may be 
either earthed or isolated. (2) With three-phase shell- 
type or three single-phase core- or shell-type trans¬ 
formers, the third-harmonic voltage being reduced to 
a negligible value, provided the transformer primary and 
generator neutrals are connected and they are fairly 
close together. This connection is quite satisfactory. 
(3) With three-phase shell-type transformers with 
tertiary delta the operating characteristics are superior 
to (1) and (2) if the tertiary delta has a low reactance, 
since the transformer operates as a star-delta transformer 
as regards magnetizing current. The cost of the tertiary 
winding solely for this purpose is, however, generally 
prohibitive. (4) With isolated neutrals, three-phase 
shell-type or three single-phase transformers of the core 
or shell type may give rise to harmonic voltages of as 
. much as 60-60 per cent of the fundamental voltage. 
If they are provided with sufficient insulation to with¬ 
stand the extra stresses set up there is no great 
objection, since the third-harmonic voltage does not 
appear between the lines. (6) With earthed neutrals 
the third-harmonic voltage may cause resonance with 
the line capacity and thus set up dangerous conditions. 
It is therefore not recommended. 

Case 3: Star Interconnected-Star 
Connection, 

(a) Both neutrals isolated, —^There being no primary 
path for the third-harmonic magnetizing currents, this 
component is absent and the flux wave is correspond¬ 
ingly flat-topped. The primary phase voltage is peaked 
and the primary neutral is subjected to an oscillating 
potential. The six secondary windings also have 
third-harmonic voltages induced in them, but these 
cancel out in the two halves of each phase winding. 
Neglecting the other harmonics, therefore, the secondary 
phase voltage between line and neutral is sinusoidal. 
As there is no magnetization of the core from the 
secondary, there is no neutralizing of the flat-topped 
effect in the flux wave, such as occurs when the secon¬ 
daries are connected in delta. r 

Whilst the trouble and possible danger of an oscillating 
neutral on the secondary side is removed, however, the 
effect appears again at the junctions of the two halves 
of each phase winding, for the potentials of these points 
oscillate about a mean value at third-harmonic frequency. 
This is not so troublesome as an oscillating neutral, 
md can be guarded against by the provision of adequate 
insulation. Moreover, the magnitude of the effect is 
only half as great as in IJie case of the plain star connec¬ 
tions, for the two sections of the winding combining to 
bring about this result contain only half as many turns. 

(6) Generator and primary neutrals connected, —^This 
connection fe similar to the one discussed in Case 1 (c), 
a greater or lesser amount of third-harmonic magnetizing 
current flowing in the primary circuit using the fourth 
conductor as a drain. The lower the resistance of the 
fourth wire or earth connections, the more closely will 
the flux wave approximate to the desired sine shape. 
There is no oscillation in the secondary neutral potential 
either yrith or without the fourth conductor, but the 
oscillation in the potentials of the mid-points of 
the secondary phases is very materially reduced by 


the additional connection, made either directly or by 
earthing. For the reasons already mentioned, however, 
this is not recommended. 

(c) Four-wire secondary, —^The provision of a fourth 
conductor on the secondary side does not affect the 
distobution of magnetizing current as it did with a 
plain star-connected four-wire secondary, as there is 
no resultant third-harmonic voltage set up in the secon¬ 
dary phase windings. The conditions are therefore the 
same as those in Case 3 (a). 

Case 4: Interconnected Star-Star. 

{a) Both neutrals isolated, —^No third-harmonic magne¬ 
tizing currents can flow in either primary or secondary, 
so that the flux wave is flat-topped. Third-harmonic 
E.M.F.^s will be induced in the secondary phases, 
giving rise to oscillation of the secondary neutral. 
Third-harmonic E.M.F.'s will also be induced in each 
half-phase of the primary, but these will cancel out 
between primary line and neutral, thus imparting to the 
latter a stable fixed potential. The potentials of the 
mid-points of the primary phases will oscillate as indi¬ 
cated in Case 3 (a). This oscillation, together with that 
of the secondary neutral, could be practically eliminated 



Fig* 15.—Showing impossibility of third-harmonic currents 
in interconnected primary. 

by the introduction of a tertiary delta, but if this were 
done there would be no reason for interconnecting the 
primary windings. 

(6) Generator and primary neutrals connected, —^Assum¬ 
ing the generator supply pressure to be sinusoidal, no 
third-harmonic magnetizing current will flow, and the 
third-harmonic voltages in the two halves of each phase 
winding will balance each other. That no third-harmonic 
magnetizing current can flow can be seen by considering 
what would happen if it did. When the third-harmonic 
current is flowing through one half of the winding on 
any particular core, it is flowing in the reverse direction 
in the other half which is connected to the next phase 
(see Fig. 16), and as these currents are in phase with 
one another, but flowing through the winding in opposite 
directions at any given instant, they would produce no 
resultant M.M.F. on the core. As they cannot be set 
up directly by the impressed E.M.F., and as there is 
no cause for their selfrinducement, they do not exist. 
Also, since there is no potential difference between the 
neutral points of the generator and the transformer 
primary, there is no third-harmonic magnetizing current 
flowing into the neutral point of the transformer primary, 
and hence through the windings. 

The primary neutral potential is therefore stable and 
there is no need for the primary fourth conductor. The 
secondary neutfsCl potential will oscillate as before. 
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Should the generator phase winding possess a third 
harmonic, however, quite a different set of conditions 
occurs. A third-harmonic current will now be forced 
round the three circuits consisting of generator phase 
winding, line, transformer primary phase windings and 
neutral return. The corresponding ampere-turns of 
each half of the transformer phase winding will now be 
neutralized by the ampere-turns of the next phase 
wound on the same limb, so that to all intents and pur¬ 
poses the transformer primary becomes non-inductive 
to the third-harmonic currents. The generator third- 
harmonic voltage is thus virtually on short-circuit, the 
current being limited only by its own impedance and 
the resistance of the external circuit. The current may 
therefore rise to a dangerous value, so that this connec¬ 
tion should not be employed. Single earthing at either 
generator or transformer neutral is not, however, 
condemned. 

(c) Four-wire secondary, —With this connection third- 
harmonic currents can circulate in the secondary circuit, 
thus making good the deficiency in the primary magnetiz¬ 
ing current. The deformation of the flux wave will be 
reduced, although it cannot be eliminated, and the 
secondary neutral potential will be largely stabilized. 
The extent to which the latter is effected is dependent 
upon the magnitude of the secondary load, as this 
determines to a large extent the impedance offered to 
the floijv of the third-harmonic currents. It will also 
be noticed that the distortion of the flux wave will 
decrease as the (lagging) power factor of the load is 
improved, since the presence of inductance in the load 
circuits tends to damp out the harmonics in the current 
wave. 

The primary neutral potential is stable as before. 

Comparison of the interconnected star and the tertiary 
delta, —It would appear from the foregoing that the 
interconnected star is unlikely to find an extensive 
field for the suppression, of harmonic troubles. Due to 
the 30® phase displacement between the phase and line 
voltages, 16J per cent more copper becomes, necessary 
as compared with the straight star, in order that both 
transformers may be placed on the same basis as 
regards kVA rating. In addition to this disadvantage, 
the interconnection should be confined to the lower- 
voltage side, owing to the difiaculties e^erienced in the 
interconnection of high-voltage windings. The cost 
per kVA of the interconnected transformer is increased^ 
due to both reasons, whilst the insulation dfficulties 
"will possibly increase the liability to breakdown. 
Moreover, these disadvantages do not appear to be 
counterbalanced adequately by the advantages. Whilst 
the harmonics in the voltage waves are cancelled out in 
the two halves of the windings, the junctions of the 
windings oscillate, and the method of obtaining a sine 
wave of voltage seems to be inherently unsound. 

On the other hand, the tertiary winding suppresses 
the third-harmonic voltages in the phases by providing 
for the sinusoidal magnetization of the core, i.e. by 
removing the cause of the third-harmonic troubles. 
Although the phase-voltage wave will always have a 
third-harmonic component, as previously explained, 
this will be very small since its onljr function is to 
circulate the harmonic magnetizing cuixent in the ter¬ 


tiary delta. As in the case of the interconnected star, 
additional copper is required, but it is probable that-^n 
the case of the tertiary delta the extra cost represents 
a much sounder investment. The factor of safety is 
probably higher than in the case of the interconnected 
star, but the tertiary winding will have to be insulated 
for high potentials. The cost of the independent 
tertiary is, however, prohibitive, unless it is designed 
to supply a load also, and in this latter respect the 
claims of the interconnected tertiary cannot be ignored 
in those cases where the connection can be adopted. 
In this case the cost neither of insulation nor of copper 
is appreciably increased, for the whole of the tertiary 
winding normally operates at low potentials to earth. 
This connection, so far as the authors are aware, does 
not appear to have been made use of for the suppression 
of third-harmonic troubles, in spite of the fact that it 
seems to be particularly suited to certain cases, such as 
the provision of an alternative to the straight star-star 
connection for transforming up the generating pressure 
for transmission purposes. In this case the provision 
of the interconnected tertiary winding allows the good 
inherent characteristics of the star-star windings to .be 
retained, and at the same time the dangerous conditions 
already referred to, consequent upon the presence of 
third-harmonic voltages acting in the transformer 
phases, appear to be averted. 

From the point of view of stabilization of the neutral, 
the interconnected star winding is superior to the 
tertiary delta, since complete stabilization is afforded. 
Even in this case, however, the interconnected tertiary 
can become a powerful rival as, due to the close coupling, 
practically complete stabilization can be claimed, whilst 
the latter does not suffer from the disadvantage of 
mid-point oscillations. Where the secondary neutral 
is required for four-wire service or for earthing, there 
would appear to be no serious objection to placing the 
tertiary delta on the primary side. Expressions of 
opinion from designers concerning the utility of this 
connection would be very valuable. 

<% 

Case 5 : Star-Delta Connection. 

(a) Primary neutral isolated, —^As before, the primary 
magnetizing current drawn from the line cannot contain 
harmonics which are multiples of three, and m conse¬ 
quence the flux wave will have a tendency towards being 
flat-topped. The reactive E.M.F. in the primary phases 
and the induced secondary E.M.F.'s will as a result be 
peaked to a certain extent. The sine fundamental 
components of the secondary phase voltjiges add up to 
zero, when taken round the delta, but the third-harmonic 
components, being in phase witii one another, are free 
to produce a magnetizing current circulatiSig found the 
seconds^ delta. This current, neglecting losses, lags 
90® behind the third-harmonic voltage, providing the 
ampere-tums for the production of a flux which will 
very nearly suppress the third-harmonic flux set up by 
the primary magnetizing current. These two opposing 
third-harmonic fluxes really only exist, of course, in 
their resultant. Another way of viewing the question 
is to regard the fundamental waves as operating on 
open-circuit or on normal load, whilst the third-harmonic 
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waves are operating on short-circuit and are thus very 
efectively damped down. « 

It is therefore seen that the generator will provide the 
fundamental, the transformer primaries the fifth, 
seventh, eleventh, etc,, harmonics, whilst the secondary 
delta will provide the third, ninth, etc., harmonics of 
the currents necessary for the normal magnetization 
of the cores. 

The mechanism of the operation is illustrated in 
Fig. 16, in wliich all the harmonics with the exception 
of the third have been neglected. In the left-hand 
group of curves, represents the sinusoidal magnetizing 
current, split up into two components. If and The 
major component, Jy, consisting of fundamental and 
third harmonic is the magnetizing current necessary to 
produce the main sinusoidal primary flux represented 
by 0/ in the right-hand group of curves. The harmonic 
component, gives rise to the hypothetical third 
harmonic flux represented by O*- (It would also give 
rise to further harmonics, but these are neglected.) 
The main flux, induces the fundamental secondary 
E.M.F., Ef, and the harmonic flux, induces the 
harmonic E.M.F., Ej^, The latter, being short-circuited, 
does not appear as a P.D. at the terminals and is 
absorbed in the windings. It does, however, give rise 




Fig. 16. —^Magnetization from secondary delta. 

to ampere-turns, which set up the hypothetical harmonic 
flux represented by This is in direct phase opposition 
to the other h 3 rpothetical harmonic flux, Oa, the resultant 
of the two being almost nil. If all losses and magnetic 
leakages were neglected, the two would exactly counter¬ 
balance each other, the flux wave would be sinusoidal, 
and the secondary induced E.M.F. would contain no 
hamfonics. Actually there is a minor flattening of the 
flux wave. 

(&) Genayator and primayy neutyals connected, —In 
this case a closed path is provided for the third-harmonic 
components of the magnetizing currents, and these, in 
consequence, may be drawn from the line. The path 
provided consists of the generator phase winding, line 
conductors, transformer primary winding and neutral 
conductor, the last-named carrying a harmonic current 
equal to the wim of the third-harmonic components 
in the line conductors. It will be seen, therefore, tliat 
the third-harmonic current necessary for the normal 
magnetization of the core can flow in both the primary 
ahd secondary windings. In regard to the primary, 
however, since this current must circulate through the 
impedances of the conductors and the generator phase 
winding, it follows that its magnitude may be insufficient 
to produce, together with the fundamental current, a 
true sine wave of flux. The latter will therefore contain 
a third-harmonic component producing a certain amount 
of flattening of the wave. Due to this the primary 
reactive E.M.F. and the secondary induced E.M.F. 


will be peaked to a corresponding degree, and the 
third-harmonic components of the secondary voltage, 
operating under practically short-circuit conditions, will 
circulate a triple-frequency magnetizing current around 
the . closed delta. As the impedance of the secondary 
delta path will be much lower than that of the corre¬ 
sponding primary path, it follows that the greater part 
of the third-harmonic magnetizing current will circulate 
around the secondary delta, and practically normal 
magnetization of the core will be effected. The flux and 
voltage waves will therefore be approximately sinusoidal. 

(c) Geneyatoy and pyiynayy neutyals eaythed, —^This case 
is similar to the previous one, but the impedance of the 
paths of the third-harmonic magnetizing currents 
circulating in the primaries will be increased, since the 
resistance of the earth return will be greater than tliat 
of the fourtli conductor. As a result, the secondary 
delta will carry a still greater proportion of the third- 
harmonic magnetizing current. If the generator neutral 
point be earthed through a resistance or reactance, the 
effect is still further to increase the triple-frequency 
current in the secondary, at the same time reducing the 
corresponding primary current. The limiting case is 
reached when the generator neutral is isolated, tlie 
whole of the third-harmonic magnetizing current now 
circulating around the secondary delta. 

Case 6 : Delta-Star Connection, 

(rt) Secondayy neutral isolated, —Called into being by 
the peculiar shape of the BE curve, the tliird-harmonic 
magnetizing currents cannot flow back along the 
primary lines, but they can and do circulate around the 
primary delta, which provides a closed path for them. 
The complete magnetization of the core can thus be 
effected from the primary side, with the result that a 
sine, wave of flux is set up. The induced E.M.F.^s are, 
therefore, also sinusoidal and the secondary neutral 
potential is stable. Even here a portion of the fifth, 
seventh, etc., harmonic components of the magnetizing 
current may flow in the secondary, if the relative 
impedance of the two sides is favourable to this. 

(i>) Four-wire secondayy, —^With this connection tliere 
is a closed path in both primary and secondary circuits 
for the third-harmonic magnetizing currents, and these 
flow in both sets gf windings. The complete magnetizing 
current necessary for the establishment of a sine wave 
of flux does not come solely from the primary, and there¬ 
fore there must be a certain amount of flattening of the 
flux wave, brought about by the introduction of a small 
third-harmonic component. This gives rise to small 
third-harmonic E.M.F.'s which make their appearance 
in the secondary phases. These in their turn set up 
third-harmonic currents which flow through the secon¬ 
dary phase windings of the transformer, the secon¬ 
dary line, and the load circuits, their aritlimetical sum 
returning by way^of the fourth wire. The impedances 
of these paths being relatively high compared with the 
impedance of the corresponding paths in tlie primary 
circuit, consisting of the phase windings forming the 
closed delta, it follows that the third-harmonic magnetiz¬ 
ing currents flowing in the secondary will be s Tn all 
compared with ^hose flowing in the primary circuit. 
The ratio which these two bear to one another is also 
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dependent upon the value of the secondary load, on light 
loads the secondary third-harmonic magnetizing current 
being almost negligible. In any case the bulk of this 
triple-frequency current circulates in the primary 
delta, with the result that the flux wave is almost 
sinusoidal. Again, the shape of the flux wave depends 
upon the magnitude of the secondary load, the deforma¬ 
tion becoming less with decrease in load. Small third- 
harmonic E.M.F.'s are induced in the secondary phases, 
giving rise to the secondary third-harmonic magnetizing 
currents, and causing a certain amount of oscillation in 
the potential of the secondary neutral point. This 
oscillation increases somewhat with increase of load. 

(c) Secondary neutral earthed .—^This connection is 
similar to the previous case, but if the insulation resis¬ 
tance of the load is high, the whole of the third-harmonic 
magnetizing current necessary for the normal magnetiza¬ 
tion of the core will circulate in the primary delta. 

If, however, the load be star-connected and its neutral 
point earthed, the connection becomes a variant of the 
previous case. The third-harmonic magnetizing currents 
circulating through the secondary phases, lines, load and 
earth, will be negligibly small owing to the resistance 
occurring in and adjacent to the earth. plates. This 
connection would appear to be suitable for stepping up 
the generating pressure to a higher pressure (33 000- 
66 000 volts) for the transmission of large amounts of 
power fo a distant load centre. In this case, where very 
high voltages or large capacities, or both, are involved, 
it is intetesting to consider the eflect of harmonics 
should the insulation near the neutral point of the 
star-connected primary of the transformer at the receiv¬ 
ing end fail. In the event of this transformer being 
equipped with Merz-Price circulating-current protective 
gear, at least 6 per cent of the phase windings near the 
star point will usually be unprotected. If the coil 
insulation fails within the 5 per cent boundary, the 
protective gear will not operate and in consequence a 
completely closed circuit exists for the third-harmonic 
magnetizing currents, and their sum will circulate 
between earthing connections. The flux wave will then 
become slightly flat-topped, thus giving rise to the 
necessary third-harmonic voltage across the secondary 
phases for this purpose. It should be noticed that the 
harmonic voltage is free to circulate .a third-harmonic 
capacity current and this will be developed by the 
capacity reactance of the circuit. Since the effect of 
the third-harmonic magnetizing currents is to tend to 
convert the flat-topped flux wave into a sine wave, it 
follows that the effect of the third-harmonic capacity 
current is to do the reverse, by endeavouring to set up 
a third-harmonic flux w^ave in phase with the funda¬ 
mental flux wave. In other words, it will tend to make 
the flux wave more’ flat-topped and the voltage waves 
more peaked, as shown in Fig. 17. 

It should be appreciated that the flat-topping 
effect of the capacity currents is nine times as great per 
volt as the peaking ** effect of the mag^netizing currents. 

The vector diagram in Fig. 17 also serves to illustrate 
a rather curious condition which may arise. Suppose 
that the third harmonic of the capacity current drawn 
from the supply is equal in magnitude to the third- 
harmonic current required for the normal magnetization 


of a transformer connected at the receiving end of a 
line. I^ win be seen that, neglecting the higfier 
harmonics, no third-harmonic currents wiU be drawn 
from the generator, and in consequence the current 
wave at the sending end of the line will be sinusoidal. 
The amplitude of the third harmonic of the capacity 
current will, however, decrease uniformly (approxi¬ 
mately) as the distance from the generator increases, 
whilst that of the third-harmonic magnetizing current 
will be constant. The distortion of the current wave 
will clearly increase uniformly and become a maximum 
at the receiving end of tlie line. As no harmonic 
currents are drawn from the generator it would appear 
that the capacity of the line serves a useful function in 
supplying the harmonic magnetizing current required 
by the transformer core, or, in other words, tlie conditions 
at the generating end are such as to produce complete 
current resonance at third-harmonic frequency. In 
this case the effect of earthing a circuit at more than one 
point will be considered, as this has been suggested 
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Fig. 17.—Effect of capacity currents. 

A an Fondamental flux due to primary magnetizing current. 

B am Thiid-liaimonic flux due to primary magneti^g current. 

CThird-harmonic flux due to, third-haimonic component of secondary 
EJM.F. 

D ss Third-harmonic flux due to secondary capacity currents. 
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in the uase of two power houses tied together by means 
of an underground intercoimector. If the pressure is 
stepped up at both ends and the high-voltage secondaries 
of both transformers are earthed, the third-harmonic 
components of the capacity currents will be relatively 
large, and a dangerous set of conditions may result due 
to the consequent large third-harmonic voltages across 
the transformer secondary phases. 

It is pleasing to consider that in this instance the 
Postmaster-General’s requirements in regard to earthing 
appear to be in line with the interests pj power supply 
engineers. 

Case 7 : Delta-Delta Connectson, 

It is here possible for the third-harmonic magnetizing 
current to circulate freely in both closed deltas, so that 
as fax as this component is concerned the core is mag¬ 
netized from both primary and secondary. In order to 
induce the necessary secondary harmonic E.M.F. a 
certain flattening of the flux wave will be brought 
about, but this will be minimized by the secondary 
magnetizing effect, so that the resultant distortion is 
but small. 
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The third-haxmonic magnetizing currents on the two 
sides will depend upon the relative impedances of the 
two deltas, being greater in the delta of the lower 
impedance. Assuming that these impedances are 
proportional to the square of the ratio of transformation, 
and taking into consideration the relative number of 
turns, it follows that the harmonic magnetizing ampere- 
turns will be equal on the two sides, neglecting losses 
and magnetic leakage. 

Case 8 : Tee-Tee Connection. 

(a) Both neutrals isolated. —It will be assumed that the 
generator supplies a pure sine wave of E.M.F. to the 
primary of the transformer, and therefore it would 
appear that owing to a deficiency in the third-harmonic 
magnetizing current there will be a distortion of the 
flux waves in both of the magnetic cores. The funda¬ 
mental primary currents flowing along cd and hd (see 



Fig. 18.—^Tee-tee connection. 


Fig. 18) are 120® out of phase with each other, or the 
fundamental primary currents flowing along cd and 
db are 60® out of phase with each other. Let each of 
these be imagined to produce its own sine wave of flux, 
together with its own flat-topped third-harmonic flux. 

There are represented in Fig. 19, which also shows the 
two flat-topped fluxes, and ampere- 

turns operating on cd and db respectively. The flux 
Ocd consists of a fundamental component, Oodv ^ 



harmonic cqmponent, Similarly, consists of 

the components and The final resultant of 

Octf snd shows a sine wave of flux, neglecting 
higher harmonics, this being 30® out of phase with each 
fundamental component, for the two harmonic fluxes 
neutralize each other. The latter, however, cause 
harmonic E.M.F.*s to be induced in the windings cd 
and db, and as the harmonic fluxes are equal and in 
exact phase opposition, so will be these harmonic 
E.M.F/s. The point d will therefore oscillate at triple 
frequency. The fundamental voltages induced in cd 


and hd are 120® out of phase, but the third-harmonic 
voltages are in phase. As far as the latter are concerned 
the points b and c are equipotential. 

Turning to the other winding, the primary fundamental 
current flowing along ad is 120® out of phase with that 
in cd. The flux due to ad, therefore, is 120® out of 
phase with the hirpothetical flux due to cd, or 90® 
out of phase with the flux due to cb. This flux, is 
assumed to be flat-topped to a certain extent, owing to 
a deficiency in harmonic magnetizing current. The 
third-harmonic flux, is in phase with the funda¬ 
mental flux, ^adv therefore is in phase 

with the harmonic fluxes due to cd and bd. It thus 
appears that the harmonic E.M.F.'s induced in cd, bd 
and ad are all in phase with each other. The magni¬ 
tudes of these harmonic E.M.F.*s axe proportional to 
the products of flux and turns. In the case of ad both 
the turns and the flux are times as great as in the 
case of cd and bd, and therefore the harmonic voltage 
induced in ad is three times the value of the correspond¬ 
ing voltage induced in cd or bd. 

It is thus seen that whereas the “ tee *' system of 
connections is completely S 3 mimetrical as regards tlie 
fundamentals, it exhibits polarized symmetry only, 
when considered with reference to the third harmonics. 
From the latter point of view the points c, b and n are 
symmetrical and equipotential. 

In the transformer secondaries, a third-harmonic 
voltage appears between lines a' and 6', none between 
y and c', and one equal and opposite to the first named 
between lines o' and a'. These unbalanced third- 
harmonic voltages produce unbalanced third-harmonic 
currents flowing round the secondary circuit. 

Similar unbalanced reactive E.M.F.'s are set up in the 
primaries, causing a third-harmonic current to flow out 
by line a, this splitting up into two equal components 
at the neutral point of the generator and returning to 
the transformer by lines c and b. These currents, 
indicated by the arrows in Fig. 18, give rise to no resultant 
action on the winding cb, because their respective 
ampere-tums neutralize each other. The resultant sine 
wave of flux due to c& is therefore unaflected, but these 
currents will modify to a certain extent the magnitude 
of the potential oscillation of the point d. The 
third-harmonic c;urrent flowing in the winding da tends 
to eliminate the flat-topping harmonic in the flux wave 
by opposing but it cannot entirely neutralize it. 
The transformer does, however, attempt to supply its 
own magnetizing current, in view of the fact that the 
supply fails to do this completely. 

The resultant fundamental ampere-tums acting on 
cb and on ad are exactly equal, for the fundamental 
currents are equal and the greater number of turns on 
cb is compensated for by the fact that the ampere-tums 
acting on cd and db are 60® out of phase with each 
other. It follows, therefore, that if the magnetic cores 
are the same and if ad is wound with 86* 6 per cent of 
the turns of cb, the two fluxes are the same as far as 
the fundamental component is concerned. There is a 
slight diflerence due to the harmonic component of 
the flux* 

In actual practice it is usual to make both windiugs 
alike, the additional 13*4 per cent of turns extending 


_ _ _ MAGNETIZING-CUR RENT WAVE-FORMS. 

beyond the point d. The far end of the winding is left 
open-circuited, and this point also is subjected to a 
certain oscillating potential. 


The harmonics in the magnetizing currents and the 
potential oscillations set up are only of importance when 
a fair degree of saturation exists in the magnetic cores. 
If t^e transformers are worked on approximately the 
straight-line portion of the BH curve (say up to 
B 10 000 lines per cm^), the effects will be inappreciable, 
but as the flux density is raised beyond this point they 
become more and more apparent. 

The waves shown in Fig. 20 (a) and (&) illustrate 
these conditions. They refer to a small 6-kVA group 
normally operating on 100 volts, 50 cycles, with a 
maximum flux density of 10 000 lines per cm^, but 



Fig. 20.—Magnetizing currents with teij-tee connections. 

overrun so as to raise the maximum flux density to 
T4 000 lines per cm®. With the primary system isolated 
from earth and the secondary on open circuit. Fig. 20 {a) 
repres^ts the magnetizing current in the main winding 
. and Fig. 20 (5) that in the teaser winding. When run 
on the normal voltage* the waves exhibited similar 
characteristics but the harmonics were not so pronounced. 
The oscillations of the P.D. across various parts of the 
system also exhibited evidences of harmonics, but these 
were not of any practical importance. Considered as a 
whole, the harmonics are of much less importance than 
in the case of the star-star system of connections. 

(b) Both neutrals isolated. Secondary delivering four- 
wire supply, —From what was said concerning the pre¬ 
vious case, it will be seen that no harmonic currents will 
flow between the lines connected to tho^two ends of the 
100 per cent winding and the neutral, for all three of 


these points are equipotential with reference to this 
harmonic. There is a third-harmonic difference ^of 
potential between the third line and the neutral point, 
however, and this will cause a third-harmonic current 
to circulate in this part of the secondary system, the 
currents in line wire and neutral being equal and 
opposite in phase. The value of this current will depend 
upon the magnitude and character of the load, in view 
of the fact that resistance, inductance and capacity 
affect the harmonic differently. This current will tend 
to neutralize the third-harmonic flux and will react in 
such a manner as to lessen the distortion of the resultant 
flux wave. This lessens the value of the induced third- 
harmonic E.M.F. and so the action tends towards a 
stable set of conditions. In the same way the unbal¬ 
anced third-harmonic currents in the primary circuit are 
minimized. The system as a whole is still unbalanced, 
but to a lesser degree than in the former case. 

(c) Both neutrals isolated. Three-wire secondary line 
possessing appreciable capacity, —It is interesting to 
consider the special case of a step-up transformer 
feeding a transmission system either underground or 
overhead in which capacity between cores and to 
earth, or alternatively between lines, is appreciable. 
There will be triple-frequency capacity currents flowing 
between lines a and 6, and a and c, but none between 
lines h and c. The phase of these currents can be deter¬ 
mined by reference to Fig. 19. The resultant third- 
harmonic E.M.F. acting between a and h (see Fig. 18) 
is the same as the third-harmonic E.M.F. between a 
and n, for there is no third-harmonic P.D. between 
n and 6. Tliis E.M.F. lags behind the flux 0^3 by 90®, 
but as the resulting capacity current leads its E.M.F. by 
a corresponding angle, it follows that this current tends 
to set up a flux in phase with other words, it 

accentuates the magnetic distortion of the flux 
The third-harmonic currents flowing out of lines 6 and c 
are equal in magnitude and phase, but exactly in phase 
opposition to the third-harmonic current flowing out of 
line a. ^ Reference to Fig. 19 will show tliat these currents 
will tend to magnify the distortion in the flux, and 
to minimize it in the flux The general effect is thus 
seen to unbalance still further the current and voltage 
relations in the whole system, 

{d) Generator and primary neutrals connected ,—^The 
addition of a connection between the generator neutral 
and the transformer primary neutral will largely 
stabilize the potential of the latter point, and will cause 
a triple-frequency current to circulate between the 
line a and the neutral conductor. This will partially 
restore the distorted flux wave to its idbal sine shape, 
and will, to a corresponding extent, minimize the 
unbalanced third-harmonic voltages and crurents in the 
secondary circuit. 

If the neutrals are linked by means of earthing connec¬ 
tions, either solidly or through resistances or reactances, 
then the stabilizing effects will not be so great, on account 
of the additional impedance offered to the third- 
harmonic currents. 

Case 9 : ScoTt Connection* 

In the first place it will be assumed That the three- 
phase side is the primary, its neutral point n (see Fig. 21) 
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is<jlated, and that it is supplied from a generator giving 
a pure sine wave of E.M.F. The fundamental three- 
phase currents are balanced. As has already been 
shown, the flux wave due to the winding ad is distorted 
and exhibits the familiar flat-topped appearance, altliough 
not to any great extent. It follows, therefore, that 
while the induced E.M.F. in the secondary winding c'h' 
is approximately sinusoidal, that in the winding a*d/ 
is peaked. The two secondary phases are not quite 
similar. When the group is placed on load a third- 
harmonic current will flow in the phase ad' and this 
will tend to wipe out the third-harmonic flux in the core. 



Fig. 21.—Scott connection. 


The general tendency is to stabilize the primary potentials. 
A load of poor power factor is not so effective in this 
connection, as the presence of inductance in the 
secondary system tends to damp out the harmonic 
currents. Secondary inductance also alters the phase 
of the distorting flux harmonic. 

When the three-phase primary operates with an 
earthed neutral, the generator neutral also being earthed, 
the case is similar to the plain tee-tee transformation 
already dealt with. 

If the two-phase side is made the primary, the flux 
waves in both cores will be similar, and, since there is 
no inherent objection to the passage of third-harmonic 
currents, the flux waves will be sinusoidal. As a result 
no third-harmonic E.M.F.*s will be induced in the three- 
phase secondaries and, neglecting higher harmonics, the 
neutral potential will be stable. The question as to 
whether the phases are linked or independent on the 
two-phase side is immaterial. 


therefore, that there will be no resultant third-harmonic 
current flowing in the line 6, but that a third-harmonic 
current will flow in each of the other two lines, these 
currents being equal and opposite. 

Another way of looking at the problem is to consider* 
the two lines connected to c and a respectively, together 
with the appropriate generator windings and the connect¬ 
ing lines, as forming the third circuit of a closed delta 
around which third-harmonic magnetizing currents can 
circulate. Owing to the fact that the impedance in the 
present case is greater than if a simple closed delta 
were employed, the third-harmonic magnetizing currents 
must fall short of the value requisite for pure sinusoidal 
magnetization. The flux waves cannot be entirely 
restored to their ideal shape, for in that event the 
third-harmonic magnetizing current would be reduced 
to zero. A reduction in the impedance of the circulating 
path would tend to increase the magnitude of the 



Fig. 23.—^Magnetizing-current waves with vee-vee 
connections. 


Case 10 : Vee-Vee Connection. 

This system of connections is also unbalanced from 
the point of view of the third harmonic. If the primary 



applied E.M.F, is sinusoidal in character, no third-har¬ 
monic magnetizing current will be supplied directly 
on account of this E.M.F., with the result that tlie two 
flux waves will be slightly flat-topped. The reac¬ 
tive E.M.F.'s in the windings cb and ha (see Fig. 22) 
will therefore contain third harmonic components 
tending to peak the respective waves. These harmonics 
.will be equal in magnitude and will be exactly in phase, 
since the fundamentals are 120® out of jphase. It follows. 


circulating harmonic current. Tliis in its turn tends 
to reduce the flattening of the flux wave and so to 
reduce the magjutude of the third-harmonic E.M.F. 
The eflect on the third-harmonic current, of reducing 
the impedance, is thus a differential one, but a low- 
impedance path does correspond to a closer approxima¬ 
tion to sinusoidal conditions than a high one. 

In the same way a circulating third-harmonic current 
will flow in the secondary system, in the lines connected 
to o' and g'. This current will also be determined to 
a great extent by the magnitude and power factor of 
the load, but again its tendency is to restore stable 
sinusoidal conditions. 

With low or medium flux densities these effects are 
of small moment, but as one of the chief applications 
of this system of connections is for the starting apparatus 
used in conjunction with motors, first cost is an 
important consideration and higher flux densities are 
generally employed, particularly in view of the short-time 
rating usually adopted. 

Oscillographic "^records (taken on two of the three 
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single-phase transformers used for the star-star tests) 
show that no appreciable distortion was introduced into 
the phase voltage, even when the group was worked at 
40 per cent above normal pressure. The magnetizing 
currents naturally showed more distortion than when 
operated on normal voltage. Fig. 23 [(a) and (6)] shows 
examples of these magnetizing currents. Fig. 23 [a) 
representing the magnetizing current supplied to a 
(which was the same as that supplied to c) and Fig. 
23 (6) that supplied to 6. The latter wave shows a 
ii^gligible amount of distortion, which was to be expected, 
whilst the former contains a considerable third harmonic. 


Six-Phase Systems. 

Case 11: Star Double-Star Connection. 

There will be a certain amount of oscillation of the 
primary neutral potential, but it will be considerably 
less than in tlie case of the ordinary three-phase star-star 
transformation with both neutrals isolated, for closed 
paths for the third-harmonic magnetizing currents are 
found in the six-phase secondary. 

Considering first the case where the primary neutral 
is isolated, the flux wave must exhibit a certain amount 
of flattening, on account of the usual absence of 
third-harmonic current in the primary, thus giving rise 
to the familiar peaked voltage wave in the secondary 
windings. Adjacent secondary phases being displaced 
by 60®, the third harmonics are all 180® out of phase 
with each other, or, in other words, are in exact phase 
opposition. Closed paths are therefore provided for 
the third-harmonic magnetizing currents to circulate 
in the secondary, phases 2, 4 and 6 forming the return 
paths for the currents in phases 1, 3 and 5. If the 
electrostatic capacities and insulation resistances between 
lines and to earth be uniform, the neutral point will 
take up a stable potential, but the line potentials will 
e:^bit third-harmonic phenomena and will oscillate 
shghtly due to the peaked phase voltages. The case is 
similar to the three-phase star-star transformation 
with four-wire secondary, except that three lines 
together with their respective phases act as the returns 
for the other three, instead of one conductor dealing 
with the summation of the three. If ihe electrostatic 
capacities and insulation resistances be unbalanced, the 
neutral will oscillate to a minor degree, but will 
generally be unimportant. It is thus seen that the 
transformer cores can receive a certain amount of 
harmonic M.M.F. from the secondary system, making 
up to a large extent the deficiency in the primary currents. 
These ** peaking'' secondary ampere-turns tend to 
remove the flat tops of the flux waves, and reduce to a 
large extent the third-harmonic voltages in both primary 
and secondary. The effect is still further reduced in 
the case of a three-phase core-type transformer, on 
account of the interaction of the various magnetic fluxes. 
The flux waves, however, would only be restored to 
their ideal shape if the secondary system possessed zero 
impedance. In an actual case this is not quite achieved, 
but the resultant disturbance is small. 

If the secondary neutral point is e^j^ed, there will 
be no current in the additional circuit provided and, 
VOL. 63, 


apart from electrostatic and electromagnetic balance, 
there is no change. '' 

If the primary neutral point is earthed, capacity 
currents between primary lines and earth may, in part, 
provide the deficiency in the primary magnetizing 
current, as explained in Case 6 (c), thus helping to 
stabilize the neutral potential and to minimize the 
third harmonics in the secondary. 

Case 12 : Star-Diametric Connection. 

If electrostatic and leakage balance is preserved, 
there is no difference between this and the previous 
case, for no current flowed into or out of the star point 
when it was earthed, and in the present instance the 
mid-point of each secondary takes up the same potential, 
with respect to both the fundamental and the third 
harmonic. It appears, therefore, as if the additional 
expense involved in bringing out the extra tappings is 
not justified, except for some special purpose such as 
for dealing with heavy out-of-balance currents in the 
case of a three-wire rotary converter. If these out-of- 
balance currents are not too large they can be balanced 
on one secondary winding alone. 

Case 13: Star Double-Delta Connection. 

This arrangement is practically the same as that 
discussed in Case 6, where a three-phase secondary was 
connected in delta. The third-harmonic magnetizing 
currents circulate round both secondary deltas, each of 
which provides half the third-harmonic M.M.F. for the 
magnetization of the transformer cores. The flux 
wave is almost restored to the sine shape, and the 
oscillation of the primary neutral potential is practically 
eliminated. 

Case 14: Star-Double Interconnected Star 
Connection, 

With this arrangement a considerable oscillation of 
the primary neutral potential would be met with, 
assumixxg it to be unconnected with tlie generator 
neutral. Due to the absence of primary third-harmonic 
currents, the flux wave would exhibit a certain amount 
of flattening and the phase voltage would be correspond- 
ingly peaked. With the interconnected-star arrange¬ 
ment there is no oscillation of the neutral potential, 
although the six mid-point tappings would oscillate. 
The adjacent phases are 180® out of phase with one 
another with respect to the third harmonic, but there 
is no third-harmonic circulating current since the 
resultant third-harmonic E.M.F. between Ime and neutral 
is zero in every case. There is therefore no damping 
of the primary neutral oscillation, as in the^case of the 
plain double star. In spite of the added cost of bringing 
out the intermediate tappings, the interconnected 
double star is definitely inferior from the third-harmonic 
point of view. 

Case 16 : Star-Double Star-Tertiary Delta 
Connection. 

There is no case for the introduction of a tertiary 
delta where six-phase secondaries are employed, for the 
third-harmonic currents can circulate in the secondaries, 

69 



894 


KEMP AND YOUNG: POLYPHASE TRANSFORMER 


-" - — — - — - - 

thus damping down the osculation of the ^ primary 
neutral. 

Case 16 : Interconnected Star Six-Phase 
Secondaries. 

The advantage of an approximately stable neutral, 
one of the great points in favour of interconnected 
windings, is here obtained quite independently of the 
primary, as shown above, so that even when the primaries 
operate on a relatively low voltage there is no reason 
to adopt this costly arrangement. 

Case 17 : Delta-Double Star and Delta- 
Diametric Connections. 

This arrangement is practically the same as Case 6. 
The flux wave is sinusoidal and there is no oscillation 
of the secondary neutral potential. Since closed 
third-harmonic paths exist in the secondary as well as 
in the primary, a portion of the third-harmonic M.M.F. 
will be supplied by each set of windings, but by far 
the greater proportion will be provided by the primary 
on account of the relative impedances in the two 
cases. The provision of an additional connection to 
the star point for d.c. three-wire balancing will also 
affect the result to a minor degree. 

Case 18 : Delta-Double Delta Connection. 

The flux waves will be practically sinusoidal, but here 
again a portion of the third harmonic M.M.F. will be 
provided by each closed delta. 

Case 19 : Tee Double-Tee Connection, 

The double-tee secondaries are balanced as regards 
fundamental voltages and currents, but are unbalanced 
from the point of view of the third harmonics. The 
three points h\ e' and n* on one tee are equipotential 
(see Fig. 24), considering third-harmonic voltages, and 



Fig. 24.—^Tee double-tee connection. 

similarly the three points ¥, c" and on the other tee 
are equipotential. A third-harmpnic voltage exists 
between a' an'S n',.and an equal one between a"" and 
Moreover, at the instant that a' is at its maximum 
positive petential with respect to n\ at the same 
instant rf is at its maximum positive potential with 
respect to a^. If the two neutral points n* and n" 
are connected together there will be a third-harmonic 
voltage existing between a' and a^, equal to twice that 
between a' and n' or a*" and n^. The point a' will now 
have a harmonic difference of potential from all the 
other five phase terminals, and, since closed electrical 
paths exist in all cases, a series of third-harmonic currents 
are set up. The same state of affairs exists with respect 
to the point a'*. No third-harmonic*currents, however, 


circulate between points 6', V and o*'. In order to 
minimize these harmonic currents the two neutral 
points are not tied together solidly, but are connected 
through an inductance. This assists in limiting the 
unbalanced effects, but the two neutral points both 
oscillate about earth potential to a certain degree. 
The potential oscillations are not serious, but the 
harmonic currents set up may become troublesome on 
occasion. When the system is earthed this should be 
done at the middle point of this tie inductance. The 
flux wave in the transformer core corresponding to 
and will be approximately sinusoidal, but there 
will be a slight distortion of the flux wave in the other 
core. 

When transforming from two to six phase by means 
of double Scott connections, the case is practically the 
same as for the ordinary Scott system described in 
Case 9. 

Case 20: Vee Double-Vee Connection. 

This case is practically the same as the plain 
three-phase vee-vee connection. Small third-harmonic 
E.M.F.'s are set up in all four secondary windings, and 
third-harmonic currents flow in the lines connected to 
a', o', d' and / (see Fig. 26). The points h' and o' are 



Fig. 26.—^Vce double-vee connection. 


stable from the tliird-harmonic point of view. These 
harmonic currents, together with the corresponding 
primary ones, tend towards the sinusoidal magnetization 
of the cores, and so their magnitudes are damped down 
by the very fact of their own existence. 

The authors wish to express their thanks to the 
Governors of the Polytechnic and the Director of 
Education for facilities enabling the experimental work 
to be carried ouT. 
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Summary. 

Tbe paper generaUy has been written in the form of an 
introduction to justify small industrial I»wer plants in 
areas where a supply is available, and to lead to a discussion 

on the subject. . 

Power plants, water, wind, by-product to process steam, 
from process refuse, household and town refuse, are aU 
discussed, and finally a few comments are made on the smaU 
self-contained power plant relative to the super-power 

Station and its network. , 

Examples are given of capital and operating costs of 
typical installations in various industries. ^ 

The vital importance of simplicity and mmimum capital 
and operating costs to justify such plants is emphasized. 


The slogans of Conservation of our coal/* “ Super¬ 
power stations for cheap power/* etc., have been so 
much in evidence recently, both in the lay Press and in 
pohtical party speeches, that tlie general public doubtless 
feel that such statements are absolutely unanswerable. 
The object of this paper is to justify the use of the 
sma ll power plant under suitable conditions. 

What can be called a ** justifiable small power plant ** ? 
The author suggests that a plant is justifiable when it 
can produce the required power—^whether mechanically 
or electrically used—after allowing for all charges, both 
operating and capital, more cheaply than it can be 
purchased from the available outside supply. 

Practicable sources of power supply are 

(Ij From water. 

(2) From air. 

(3) From heating and process steam, as a by-product. 

(4) From a process refuse. 

(5) From household and town refuse. 

(6) From simple, self-contained stations. 

(1) The Utilization of Our Water Power. 
Whilst Great Britain can never, by reason of its 
geographical formation, produce much power from 
water, it is somewhat remarkable that in these days of 
dear coal and talk of the conservation of our coal 
reserves the water power used to-day, apart from three 
or four hySro-electric developments, is probably not 
one quarter of that used, say, 40 to 60 years ago in the 
days of cheap coal. 

The reasons are mainly :— 

(a) The tendency towards mechanical means, which 
has necessitated the water-wheel or turbine being 
augmented by steam poyirer and has led, in many 
cases, when outside supply has become available, to 
electric powW being installed, superseding both steam 
and water power. 


(6) The gradual silting up of the rivers, causing 
loss of head, particularly in times of flood. 

These small falls could be brought into use again if 
the work were done on the right lines. The author 
suggests that the layouts should be simple, with 
automatic or semi-automatic control. With the small 
powers to be dealt with, there is no margin ^ for un¬ 
necessary elaboration in buildings, civil engineering, 
switchgear, stand-by plant or operation. 

With a simple form of control it should be possible 
to utiUze at frequent intervals the small falls along any 
river, and so avoid trouble with riparian rights, etc. 
In the United States this subject has recently been 
brought into prominence by a paper read by Mr. R. J. 
Wensley on “ Present Practice in the Automatic Opera¬ 
tion of Hydro-Electric Stations ** at the Annual Conven¬ 
tion of the American Institute of Electrical l^gineers 
held at Chicago, 23rd-27th June, 1924. Mr. Wensley 
mentioned these systems as being regularly in use 

(i) Control by water level, a float switch being 
employed to start up and stop at predetermined 
levels. 

(ii) Control by system frequency, worked so that 
as the load comes on and the frequency drops, due to 
overloading of the running turbines, further turbines 
at other stations will start up. This is apt to be 
troublesome if several attempt to switch in at once, 
and is of no avail if any large station is in parallel 
on the network. 

(iii) Remote control over a pilot wire. This is 
very effective when stations are not too far apart. 

(iv) Supervision control over a telephone circuit. 
This system, which is now very largely used, enables 
the distant o'berator not only to start up, but also 
to get information in regard to head of water, gate 
opening, load in kilowatts, load on local feeders, etc. 

(v) Control by manual operation of switch in 
station. This is effective when the size of plant 
merits a man being in attendance. The man is not 
expected to be constantly in the station, but to be 
available when called up by telephone, 

(vi) Control by manipulation of the a.c. line. This 
is occasionally used, the plant in the remote station 
being started by closing the switch in the man- 
operated station, an a.c. relay then running the 
plant up. 

(vii) Control by time switch. This can be used 
where the supply is to works, etc., where the maximum 
load is known in advance. 

In this counjEiy the power obtained will generally be 
of the order of a few hundred down to 20-30 h.p. 
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There is obviously no possibility of putting such small 
plants in at a first cost per kilowatt comparable with 
that of a modern super-power layout, but, once equipped, 
the cost of operation on automatic or semi-automatic 
lines would be low. 

(2) Power from the Wind. 

During recent years several installations have been 
equipped for obtaining a certain amount of power from 
the wind. Such plants, provided that the battery is 
sufficiently large, and that there is, say, an oil-driven 
emergency set for use during calm periods, will, however, 
provide a means of obtaining a steady supply of power 
of only a few horse-power. 

(3) Power as a By-product to Heating. 


mills, and bleaching keirs and dye houses in finishing 
works, the introduction of a heat accumulator is desir¬ 
able. The Ruth accumulator has, during the past 
few years, been largely adopted on the Continent for 
this purpose. 

Where steam is required for direct heating, no oil 
must be used—a condition easily fulfilled by using 
either engines with no cylinder lubrication, or turbines. 
Superheated steam is generally avoided for heating, but 
for long pipe runs a little is advantageous to avoid 
undue pipe losses. 

Paper Mills. 

The author covered the subject fairly fully in his 
paper entitled Electric Driving in the Paper Mill on 
Heat-Economy Lines.** * 


Where steam has to be raised for process or other 
work apart from power, there is the strongest possible 
case for the small power plant. 

Such conditions occur in paper mills, bleach and 
dye works, chemical works, sugar and other refineries, 
public institutions, hotels, laundries, etc. 

The cycles of heating and power must, of course, 
coincide fairly closely, but this will generally be found 
to be the case ; the type of power unit, i.e. back pressure 
or pass-out, should be decided by a study of these 
cycles. 

The pressures at which the steam is required for the 
heating process work are approximately :— 


Paper 

LRag and esparto boilers 


Bleach and dye works J J 


r Bleaching keirs 
1 Stenter heaters.. 
1 Drying cylinders 
iDyejigs.. 
Chemical works (various uses) 

Sugar refineries (evaporators, etc.) 

Public institutions (calorifiers) 

Hotels, etc, (kitchens) 

Laundries . 


lb./sq.In. 

6-20 

30-50 

26-45 

16-40 

6-10 

10-16 

10-60 

10-60 

10-16 

6-10 

10-20 


The typical case of a British esparto mill boiling 
190-200 tons of grass per week may be quoted. 

r,, - per hour 

Steam for grass-boiling at 46 Ib./sq. in. .. 2 000-10 000 

Steam for paper-maldng at 16 Ib./sq. in. 8 000-10 000 
Steam for coating at 16 Ib./sq. in. .. 6 000- 8 000 

Steam for recovery, breakers, potchers, 
and general at 20 Ib./sq. in. 6 000- 7 000 

Total . 20 000-36 000 

The boiler pressure being 176 Ib./sq. in., a pass-out 
power plant of 600-700 kW to supply the whole of the 
electric load in the mill is a sound proposition* 

Capital cosL 


t 

650-kW geared pass-out turbo-generator .. 7 600 

Switchboard extension. 260 

Wiring . 260 

Pipework, valves and covering. 2 000 

Foundations, structural alterations, etc. .. 1 600 

Labour and contingencies.1 000 


’ Total outlay . £12 600 


The difference in fuel consumption in raising this 
steam at, say, 160 or 180 Ib./sq. in, in place of the used 
pressure is very small; for instance, the total heat in 
steam at 160 Ib./sq. in. is only 3 per cent greater tha-n 
at 20 Ib./sq. in. 

Actual tests on a large number of installations have 
shown that even with saturated steam used under 
favourable conditions the steam loss in passing through 
the power plant is only *5-6 per cent. The figure of 
10 per cent taken by the author in arriving at the cost 
per unit is therefore a very liberal one. 

In most cases it will be found that the demand for 
heating steam is more than sufficient to supply all the 
power requirements of tlie factory. Under some condi¬ 
tions the margin is such that an appreciable outside 
supply could be given; a case in point is the sugar 
refinery at Glebe, recently put into operation with the 
Greenock Corporation supply. 

Where the fluctuations of demand fo^; heating steam 
are great, e.g. for grass and wood digesters in paper 


Operating conditions, —132-hour week; 60 weeks per 
year; 360 kW average load; 2000 000 units per annum ; 
power plant steam consumption, average extra over 
heating steam taken at 0* 6 lb. per kWh. 


Operating cost. 


660 tons of coal at 24s. 

• . a • 

£ 

672 

112 tons of ash handled at 3s. .. * 

» . a • 

17 

Supervision of plant 


60 

Oil and stores . 


50 

Repairs . 


100 

Insurances. 

a « . • 

60 

Net cost per annum .. 

.. 

.£939 

Net cost per unit, 0 • 113d. 

Interest and depreciation, 10 per cent on £12 600 

1250 

Gross cost per aurium 

• . * « 

£2189 


Gross cost per unit, 0*263d. 

* Journal 1921, vol. 59, p. 588. 
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*• 

No engine attendants are allowed for, because the 
man looking after the main engine can super/ise this 
power unit, provided it is put in the same room. 

Bleach and Dye Works. 

The conditions here are very similar to those obtaining 
in paper mills, except as regards running hours and 
load factor. The following data concern a typical works 
near Manchester. 

Capital cost. 


Two 160-kW back-pressure sets .. . • 2 600 

Switchboard (for power plant only) ,. .. 200 

Wiring . •• •• 10^ 

Pipework and valves and pipe covering .. 2 000 

Foundations, structural alterations, crane, etc. .. 1 000 

Contingencies .. .. • • • • • • 260 

Total .^6 060 


Operating conditions,^4^^-h.o\3L£ week, 60 weeks per 
year ; 360 000 units per annum; 10 per cent of engine 
steam consumption, representing power production (8/1 
evaporation) =266 626 lb. coal (118*6 tons), say 120 


tons. 


Operating cost. 

£ 

120 tons of coal at 24s. 

144 

24 tons ash carted away. 

4 

Stokers . 

nil 

Engine tender . 

200 

Supervision by engineer. 

60 

Oil and stores 

40 

Repairs 

60 

Insurances .. 

40 

Net cost per annum. 

£528 

Net cost per unit, 0*352d. 


Interest and depreciation, 10 per cent on 


£6 060 .. 

606 

Gross cost per annum 

£1133 

Gross cost per unit, 0*766d.* 


Mental Institution. 


(Rated capacity 1 300 beds.) 


Capital cost. 

£ 

Three 76-kW sets (back-pressure) 

2 860 

Switchboard ^. 

300 

Storage battery and booster .. .. ' .. 

1660 

Wiring 

160 

Pipework, efc. 

600 

Foundations, structural alterations, crane, etc. .. 

1600 

Contingencies .. 

66 

Total.. . 

£7 700 


Operating conditions, —108-hour week, 62 weeks per 
year; 224 000 units per annum ; engine steam, J lb. 
coal per unit, all exhaust being used for heating = 60 
tons of coal. 

• Public supply1 • 5d. to 0* 875d. (vario^js examples). 


SMALL POWER PLANTS. 

p 

operating cost. 


60 tons of coal at 24s.60 

10 tons ash handled at 3s. . 1*6 

Oil and stores . .. .. 40 

Repairs .. .. .. .. .. .. 34 

Battery maintenance .. .. .. .. 260 

Insurances .. .. .. .. .. .. 25*6 

Extra staff, £3 per week .. .. .. .. 166 

Net cost per annum.£677 

Net cost per unit, 0 * 618d. 

Interest and depreciation, 10 per cent on £7 700 770 

Gross cost per annum .. .. £1 347 

Gross cost per unit, l*46d.* 


These three typical cases suffice to show the possi¬ 
bilities of such power plants to generate at an appreci¬ 
ably lower rate than that at which an outside supply 
can be obtained. They also show the limitations of 
such plants as regards capital expenditure. The paper 
mill with its 132-hour week obviously provides the best 
figure of gross cost per unit; with those plants operating 
one or two shifts per day, the interest and depreciation 
item amounts to nearly double the generating cost. 
It is therefore of vital importance in installing such 
plants to employ the simplest layouts and concentrate 
the capital cost as far as possible in tlie producing 
equipment; to make a central statipn in miniature 
simply means saddling the operating cost with an 
overwhelming charge. 

These figures are fairly self-explanatory, the items 
requiring explanation being probably the follovring :— 

{a) That no capital or operating cost is given for 
steam-raising plant. The boilers are required for 
the production of steam for heating, whether the 
power plant is installed or not, and the stokers have 
to be there to fire the boilers to raise the steam for 
heating. The extra 10 per cent of fuel consumed will 
entail no extra labour, except under exceptional 
conditions with the steam plant already working up 
to its limit. 

The author's experience is that these steam-raising 
plants are almost invariably larger than actually required, 
in order to provide for possible peaks, and are conse¬ 
quently lightly rated. 

(6) The high cost of pipework. The distribution of 
low-pressure steam requires a new pipe layout, all 
pipes being increased to pass the required volume at 
the lower pressure. In addition, these pipes, in 
order to secure efficiency, cannot be too well covered. 

As power plants on these lines show such low operating 
costs, why is it that so many works where these condi¬ 
tions exist have taken a public supply ? Two typical 
cases, both with 10-year agreements, for instance are :— 
A bleach and dye works with five Lancashire boilers 
under steam at 120 Ib./sq. in. reduced to 16-20 Ib./sq. in. 
foj: process work, and 100 000 units per month purchased 
from the supply. 

An esparto paper mill using 10 000-12 000 lb. of. 
steam per hour ^1;180 Ib./sq. in., reduced to 60 Ib./sq. in. 

* In this case an offer tor a supply was 3|cl. per unit. 
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for proc^ work, whilst a steady 260 kW is takon from 
the public supply mains. 

The author suggests that the main reasons are :_ 

{a) The possibility that in some cases the boilers were 
getting old and new boilers would have been required. 

(&) The capital outlay that would be incurred in 
installing the plant. 

(c) The greater reliability of the public supply. 

{d) The manner in which the case has been put 
forward by the supply undertaking. 

(4) Power from Process Refuse. 

The principal sources of process refuse in this country 
are wood-working establishments of all kinds, tanneries, 
and blast furnaces, coke ovens, steelworks, etc. 

Whilst in the wood-working trades, refuse is utilized 
for power purposes to a considerable extent, either to 
raise steam in a more or less e£6.cient manner or in 
gas-producers, there is a large quantity not effectively 
dealt with. In a city like Manchester, for example, 
tliere are about 100 wood-worldng establishments— 
sawmills, builders, joiners, furniture makers, wood box 
and case makers, etc., producing probably 760-1 000 
tons of refuse per week, whilst throughout the country 
it probably amounts to 100 000 tons or more. 

The present outlets for this refuse are :— 

(A) As firewood (often a perquisite to the carters). 

(B^ Sawdust for bedding horses, afterwards being 
used as manure. Before the European war the bulk 
of the sawdust produced was disposed of in this 
manner, but mechanical transport has greatly reduced 
the quantity. The present price obtained is about 
16s. per ton, the purchaser having to provide bags 
and do the necessary carting. 

(C) For kippering at the fisliing ports. 

(D) Shavings for gas filters and packing; there is 
a comparatively small deinand for this purpose. 

(E) For use in firelighters; for this also there is 
a relatively small demand. 

In a typical saw-mill, case and box works cutting up 
about 66 standards (137-6 tons) per week, the refuse 
produced during a week averaged per hour :— 


Cross-cut ends of deals 

lb. 

.. 83 

Black board sides ., 

.. 174 

Long shooter shavings 

11 

4-cutter dubbings ,. 

.. 90 

Sawdust 

.. 769 


public supply and scrap their engine, and are sliLl faced 
with thq problem of the disposal of the refuse. , 

In this respect much can be done by the adoption of 
a more broadminded attitude by the supply undertaking. 
The author suggests that the ideal method is for works 
to adopt the electric dnve, taking the public supply, 
and then to scrap the old power plant and install an 
up-to-date wood-refuse power plant in the central 
position. Then, when in operation, the public supply 
could be retained as a stand-by to whatever extent may 
be agreed upon, the consumer guaranteeing a certain 
minimum cost per annum. 

If, as will often be found to be the case, the power 
required exceeds that which the refuse can generate, 
a section of the works could be permanently connected 
to the outside supply. 

On such lines any factory, no matter how cramped its 
layout, can be modernized and will operate in the most* 
economical manner—economical not only from the user’s 
point of view but also from that of the national interests. 

Such power plants can be either (1) steam with suit¬ 
able combustion chambers, or (2) gas with suction 
producers, tlie former requiring from 4 to 4j lb. of 
refuse per b.h.p.-hour, and the latter from 2^ to lb. 

Typical City Saw-mill Installation. 

(Steam plant fired with refuse in an underground step 
grate, locomotive-type tubular boiler.) 


Capital cost. 


130—160 h.p. locomobile steam plant 

£ 

.. 1 800 

Dynamo belt drive. 

400 

Foundations . 

.350 

Switchboard . 

200 

Wiring 

100 

Pipework and sundries 

200 

Structural alterations . 

300 

Contingencies ... 

260 

Total 

a 

.. £3 600 


Whilst gas is the more economical on paper, there are 
other factors, such as the provision of steam for seasoning, 
heating, etc., and the class of refuse produced, which 
must be taken into considera*tion. 

Operating cowdffo’ons.—48-hour week, 60 weeks per 
year; town’s water to boiler; 168 000 units generated 
per annum. 


1 127 

This is equivalent to 60 866 lb. per week (say 27 tons 
or 19 • 6 per cent of the total). At this worlcs the power 
required is 100-120 kW. 

In existing wood-working shops the layout is in general 
compactly grouped round the boiler and engine; to 
introduce a new power plant entails either putting it 
in a vacant space away from where the refuse is produced 
—entailing a material increase in the cost of handling 
the refuse—or shutting down the plant for a month or 
*two while "the old plant can be disman'ded, struc*kural 
alterations affected, foundations put in and new plant 
erected. In consequence the owner? usually a 


Operating cost. 


Labou 




Fireman ., 
Engine tender . 


Water 

Oil and Stores 
Insurance .. 
Maintenance 


Net cost per anunm ,. 
Net cost per unit, 0-692d. 



Interest and depreciation, 10 per cent on £3 600 


Gross cost per annum 
Gross cost per unit, l-21d. 


175 

195 

15 

35 

15 

60 

£485 


360 

£846 
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A public supply is available at l*26d. per unit. If 
used, however, material charges for handling and disposal 
of the refuse must be added. In addition, the steam 
provided for canteen cooking, office and shop heating 
is not taken into account. 


Bobbin Works. 

(Steam plant fired with wood refuse, underground step 
grate and locomotive-t 5 rpe tubular boiler.) 


Capital cost. 

£ 

420-616 h.p. locomobile . 

4 500 

Direct-coupled alternator. 

2 500 

Switchboard 

400 

Wiring . 

200 

Pipework, etc. 

160 

Foundations 

600 

Structural alterations in old engine house 

1000 

Contingencies . 

660 

Total .. 

£9 800 

Operating conditions .—276 kW steady average load. 

660 000 units per annum. 


Operating cost. 

£ 

Engine tender . 

200 

Fireman. 

176 

Town's water . 

36 

Oil and stores 

76 

Insurances .. 

30 

Maintenance, furnace and plant. 

160 

Net cost per annum. 

£665 

Net cost per unit, 0 • 242d, 


Interest and depreciation, 10 per cent on £9 800 

980 

Gross cost per annum 

41 645 

Gross cost per unit, 0* 6d. 


Steam is also used for drying stoves. 


Builder's Saw-mill and Joinery Works. 

(Driven by wood-refuse gas plant.) 


Capital cost. 


180-h.p. wood-i^fuse gas plant and engine and 


generator, delivered and fixed .. 

2S00 

Switchboard 

200 

Wiring .? 

100 

Pipework 

260 

Foundations 

200 

Structural alterations . 

300 

Contingencies 

260 

Total .. . 

£3 800 


operating c(mditions,^A%-hxmT week, 60 weeks per 
year; 168 000 units generated per annum. 


Operating cost. 


Labour : engine tender and plant attendant .. 200 

Boy assistant . 100 

Supervision from engineer . 60 

Oil and stores ... . 35 

Insurances ,. .. .. .. .. . • 15 

Maintenance .. .. .. .. .. 50 

Net cost per annum.£460 

Net cost per unit, 0* 643d. 

Interest and depreciation, 10 per cent on £3 800 380 

Gross cost per annum .. .. .. £830 

Gross cost per unit, l*19d. 


Plants of this character can very often be installed 
as a direct drive. This would reduce the capital cost 
by, say, £600. 

Refuse-gas plants are now well past the experimental 
stage. They are adaptable to a wide range of waste 
products available in this country, from wood refuse of 
all kinds to tannery refuse, barks, etc., and even stable 
manure. 

Surplus Gas : Blast-furnaces, Coke Ovens, Etc. 

The utilization of surplus gas for power purposes is now 
practically universal. Such plants have been^ highly 
developed and in some areas, such as the North-East 
Coast, the power plants so operated feed into the public 
supply networks. Until a few years ago, plants were 
generally gas-engine driven, but the later developments 
have in the main been by steam turbines from gas-fired 
boilers. 

(6) Household and Town Refuse. 

The refuse destructor has long ago proved the prac¬ 
ticability of power generation from town refuse. Such 
plants may be small, but all tend to the common end, 
i.e. national economy, and as such should receive every 
encouragement. There are undoubted difficulties in their 
extended adoption, such as small capacity, cost of 
staff, dusty surroundings, etc. The author suggests 
that the financial results obtained with this type of 
plant could ofte» be improved if steam were sold for 
heating in addition to the production of power. The 
difficulties caused by a fluctuation of the calorific value 
of refuse, etc., would be overcome by the installation 
of stand-by or emergency oil engines, 

(6) Simple, Self-contained Power Stations. 

Whilst primarily this paper has been written to deal 
with the small power station fed with refuse, or steam 
as a by-product, there is, in the author's opinion, in 
many places at least a strongly debatable case to be 
made out for the. self-contained small station. The 
capital outlay for super-power stations, long transmission 
lines, substations .and the like, is very large, and this 
must introduce a heavy charge on tlie cost per unit in 
scattered areas with a low load factor. 

In a typical example with a steam-driven station of 
2 600 h.p. capacity, the total generating cost, including 
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rates and taxes, is 1 • Od. per unit, part of the plant being 
over 20 years old. 

With the highly efficient steam or oil prime movers 
available to-day, these small stations show very favour¬ 
able results. The tables of electric supply undertakings 
published with the Electrical Times show many small 
stations with total works costs of 2d. and over per unit, 
but the author suggests that it is not fair to compare 
the modern super-power station operating costs with 
these, which are generally for more or less old and 
inefficient plants. If a new super-power station and 
its network were to be compared with new, small power 
plants of the most efficient type, there would at least be 


a case for argument. The author hopes that this most 
debataMe part of the subject of power generation 2nd 
distribution will be dealt with in the discussion. 

Conclusions. 

Tlie predominant factor in aU considerations of smaU 
power plants is capital cost. The figures quoted of 
different installations which have been quoted emphasize 
this clearly. There is no room for frills miniature 
central stations and the like—and nothing but bare 
necessities should be installed. In the same way the 
operating costs must be kept down, especially on these 
small stations having low load factors. 


Discussion before the North-Western Centre, at Manchester, 3 February 1926. 


Mr. S, J. Watson: With many of the author^s state¬ 
ments I am in cordial agreement. There are undoubtedly 
many cases in this country where steam or burnable 
material is wasted which might otherwise be used with 
great advantage by the owners of the plant. I think 
that his remarks particularly apply to such industries 
as the paper-making and wood-working trades. In a 
number of instances wood-working maclnnery is entirely 
driven by gas produced from the waste wood which is 
torn off in trimming, etc. Under such conditions it 
is absolutely impossible for any supply undertaking 
to compete. It is utilizing, under extremely efficient 
conditions, what would otherwise be absolutely waste 
material. With many of the estimates put forward 
by the author I do not agree. In tliese estimates he 
shows the amount of power used, and the annual output 
obtained, but he does not attempt to charge anything 
at all for the capital expenditure on buildings or boilers, 
nor, in the majority of cases, for the wages of operators! 
I am aware that in the course of the paper he excuses 
himself by reason of the fact that much of the plant 
would be installed in any case, but it might equally be 
said that the plant was originally installed for power 
purposes and was subsequently used for heating pur¬ 
poses. I suggest quite seriously that if he is going to 
make such comparisons he ought at least to take into 
account a portion of the capital charges and working 
expenses which are justly attributed -^o the work done 
by the plant. If he does that, the final figures of cost 
per unit will be inuch altered. Another point to wliich 
I take exception is that the author charges a very small 
amount for repairs. It is quite true that he takes 
10 per cent for interest and depredatipn, but I find 
that in many cases he has included storage batteries, 
and many of us know to*iOur cost what the maintenance 
of a storage battery entails. He has only included 
something less that 1 per cent, and I venture to suggest 
that he ought to make a very much larger allowance. 
One of the reasons why manufacturers prefer to take a 
Supply from a public source is that the responsibility for 
generating their own supplies is a constant soui'ce of 
worry and trouble to them. Dealing with the subject 
from a rather broader aspect, supply undertakings 
are constantly experiencing the case of manufacturers 
who have put in their own plant and find it to their 
advantage later on to discard it and use “^e public supply. 


Such changes apply not only to what I may call 
straight power industrial undertakings but also to 
the particular types of industry wliich the author 
singles out to show that it is an advantage to generate 
their own power, such as dye worlcs, for instance. Num¬ 
bers of such works utilize the public supply. Many of 
them deliberately discard their own plant and the 
problematical savings which tliey may effect by its use 
and come upon the public supply mains, thus indicating 
clearly that they consider that there is an advantage 
in so doing. Apart from certain very special cases, 
the costs per unit given by the author are not as 
low as those of many power supply undertaldngs in 
the country for similar supplies. As an instance, 
two or three years ago I was interested in a very large 
paper mill which required some 200 or 300 additional 
horse-power, equal to a consumption of about 2 million 
units a year. I negotiated witli the local supply under¬ 
taking, and the lowest price that they were prepared 
to quote for the supply was IJd. a unit. Such a price 
was, of course, quite unreasonable. At that time 
I was associated with an undertaldng which was supply¬ 
ing energy at less than 0*50d. per unit. The reason 
why greater progress is not made is very often that the 
supply undertaking does not take the long view in 
regard to tliis matter. I think,, however, that all over 
the South-East Lancashire district the prices at which 
power is supplied to-day do not vary very much from 
most of the figures given by the author. The author 
includes no item for local rates. No concern can spend 
£12 600 in increasing the value of their property without 
the knowledge (sooner or later) of the local assessors, 
and rates and taxes to-day represent no small proportion 
of the cost which the supply undertaking has to bear. 
One of tlie most important reasons why the combined 
use of steam for power and for process w^rk does not 
make greater progress is that in many cases the time 
when the maximum amount of steam is required for 
process • work does not coincide with the time when 
the maximum amount of steam is required for power 
purposes. In such cases it is impossible to get the best 
results out of the combination. Another point is that 
most of the figures given in the paper are for single 
private plants, whereas in connection with supply 
undertakings considerable expense is incurred in pro¬ 
viding spare plant so that an uninterrupted supply 
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can be maintained. The time lost to manufacturers 
thfbugh interruptions of the public supply is very much 
smaller than in cases where the plant is installed on the 
premises. There again by taking a public supply the 
manufacturer stands.to gain. I entirely agree with 
the author that we in this country have not made as 
much use as we should have done of the large aggregate 
amount of small power available from our streams. In 
this district there are a number of cases where the river 
water, in passing over the weirs, is at a head of from 
6 to 8 ft. My undertaking keeps records of the flow 
which comes through Salford and we know that it 
varies from about 2 million gallons up to 30 or 40 
million gallons per hour. This represents a very consider¬ 
able amount of power. I agree with the author that 
in the future it should be made compulsory to take 
advantage of such natural power supplies where they 
exist. I have been associated with refuse destructor 
plants on one or two occasions, and the most satisfactory 
one of which I heard was in a town in South Wales 
where the value of the ashes was high, inasmuch as free 
coal was supplied to the miners. This particular under¬ 
taking was burning the ashes in a destructor and 
obtaining sufficient steam to generate between 2 and 3 
million units a year, which were sold tp a power under¬ 
taking. Many others, owing to the nature of the refuse, 
were hardly producing sufficient steam to run their 
forced-draught fans, and in some cases they even had to 
supplement the refuse by means of coal in order to 
maintain the plant in operation. 

Mr. J. Frith; I quite agree with the author that the 
supply undertaking should, and in most cases will, 
help a firm to install a power plant of its own. I have 
even known cases where the supply undertaking has not 
only provided a stand-by supply but has bought the 
surplus energy. I also agree that in many cases small 
self-contained generating plants can be put in and show 
a good financial comparison with purchased power. 
They can be of a type which requires very little attention, 
are cheap to maintain and have none of several very 
large items of expense which the supply undertaking 
has. " It is certainly surprising, as the author says, 
that so little of the water power of English rivers is used. 
I have been connected mth one or two water-power 
projects and I have been equally surprised to find the 
number of people who have water rights on our rivers. 
The vested interests are very difficult to override, but 
Parliament might possibly t^e steps to dispossess the 
owners. The author does not mention waste-heat 
plants; just lately I have been concerned with several 
boiler plants making large quantities of steam from 
otherwise absolutely waste heat. 

Mr. A, E.^ Clarke ; I think that we are rather apt to 
consider in these days of super-stations that a public 
supply is the cheapest and best source of power, whereas 
in certain circumstances this idea may prove fallacious. 
As the author suggests, there are undoubtedly many 
applications for which a strong case may be made out 
for private power plants. It is necessary to proceed most 
cautiously, however, because in some cases it is fairly 
easy to prove on paper that private supply would be 
the cheaper, whereas in practice the reverse is proved 
to be the case, and vice versa. In this neighbourhood 


there is a flour mill which was erected some time previous 
to 1914, a replica of a steam-driven mill the property of 
the same company. The directors decided to install 
electric drive and to purchase their supply from the 
local authority. At the time a comparison on paper 
of the costs of steam and electric driving showed a 
decided gain in favour of steam, but they believed that 
as the use of electricity extended, so costs would come 
down until no difference existed between the expenses 
of the two methods. At first the experiment proved 
costly, but since then for a variety of reasons the output 
of the mill has been nearly doubled, and the cost of power 
per sack of flour reduced until it is lower than that of 
gimilar mills running at present under steam drive. 
So satisfied are the directors with their experience that 
they have under consideration the complete change 
from steam to electric drive in other miUs. They 
recently purchased a mill which up to the time it was 
bought was driven by gas-producer plant, and after a 
short experience of this method of drive they have 
scrapped the gas engines and producer and are taking a 
supply from the local supply undertakmg. Here was a 
case in which it was demonstrable on paper that with 
a load factor of 65 per cent private supply would be 
the cheaper, whereas the opposite has been proved in 
practice. I shall now give an illustration to show the 
other side of the question. A small plant of 100 li.p. 
produced a certain article from wood balks in wliich the 
operating conditions were difficult on account of the 
heavy intermittent loads. The load factor was only 
16 per cent, and the net rate per unit high. Here the 
power charges constituted a large proportion of the 
manufacturing costs, a proportion so high as to cut 
out all profit at the prices obtainable. The consumer 
was rapidly becoming insolvent and, after discussion 
with a well-known manufacturer of oil engines, decided, 
under very generous terms on the part of tlio engine 
makers, to install a semi-Diesel engine. This was done 
about 18 months ago, and the result is that the power costs 
are now roughly one-third of the supply undertaking's 
charge. Now mark the importance of power supply in 
its incidence on manufacturing costs. This consumer 
after the installation of the engine was, in virtue of his 
lower manufacturing costs, able to cut his prices and 
more business recited until he was able to run his plant 
100 hours per week. This of course resulted in a further 
reduction in his costs, by means of which he has been 
able to keep his plant in full operation, has paid for his 
engine and is now making quite handsome profits. 
I am thoroughly in agreement with the author's views 
as to supply in special cases and could quote several 
examples of saw-mills, wood-working shops and works 
using steam in the production of various manufactured 
articles, all obtaining tlieir power a,s a by-product, 
in whieffi the supply undertaking's price is cut by a large 
percentage,. The true conception of the power problem 
appears to me to be that each case must be considered 
on its merits, and that only after meticulous investi¬ 
gation and with the greatest discretion must a decision 
be come to as to which method is the more advantageous. 

Mr. G. F. Sills: It should be remembered that the 
author is making dut a case for a few trades only, because 
in the ordinary factory working 8 hours a day, with little 
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or no low-prcssur© stestm r6<]^iiir6d for process work or 
heating, it is normally impossible to generate any more 
cheaply than to buy power from a moderately large 
supply undertaking. The author makes no allowance 
for management costs; these should be taken into 
account. The great advantage in bu 3 dng power consists 
in the reserve plant* available in public generating 
stations ; it is very unusual for a private plant to have 
any stand-by. In the normal factory any small saving 
made in generating its own power would be cancelled 
if a stand-by were installed. Many factories would 
rather pay a little more for bought power to save the 
extra capital outlay in purchasing their own generating 
plant. A good arrangement where low-pressure process 
steam is required is to put in a steam set to use all the 
high-pressure steam for generating power, then to send 
the exhaust or pass-out steam to the process work, etc., 
electric power that cannot be supphed by this steam 
plant being purchased from an outside source. A 
case came to my notice only a few days ago, where a 
few thousand pounds of low-pressure steam were re¬ 
quired for process work on a 24 hours* load. The 
factory manager proposed to install a 160-lb. boiler and 
a steam set to use all the high-pressure steam available, 
to use the low-pressure steam at 10-16 Ib./sq. in., and 
to buy the remainder of the electric power required. 
It will be realized that the boiler had to be used in any 
case, ^nd about half a million units could be generated 
a year for the capital cost of the steam set plus about 
10 per cent on the cost of the fuel—^representing the 
extra cost of first using the high-pressure steam in the 
manner indicated. The supply undertaking had sent 
in the printed agreement which stipulated tlaat all 
electric power used should come from their mains. 
Surely it is in everyone*s interest to obtain the maximum 
benefit from every pound of coal, and I would suggest 
that it is against tlie interests of any public supply 
undertaking to make such a suggestion in these circum¬ 
stances. The supply undertaking actually argued 
that the buyer should not make use of his steam as 
ea^lamed above. When they were told that if they 
still insisted the factory would generate all its own 
power they gave way. The author gives some figures 
referring to costs of insurance. Is this why the repair 
charges in the tables appear to be gn the low side ? 
On a plant whwe process steam is required and a small 
generating set is used, it should be possible to have one 
man to look after the boiler and the set, I understand 
that in one case it was doubtful if the local unions would 
agree to one man doing this work, and it seems more 
than absurd if this is so, as it means an unnecessary 
addition of £4 per week per shift to the generating costs. 
Referring to the question of water supply, I believe that 
tile Electricity Commissioners have power to adjudicate 
in these matters. In connection with power-supply 
charges, manufacturing firms get out a good many 
schemes for private generating plants for factories 
already buying power from a pubhe source. It is 
probable that these schemes are often only a TnAa.n,Q of 
forcing the supply authority to reduce the cost of power. 
Referring to the author's remarks about blast furnaces, 
is it not a fact that most of the large steelworks in this 
country use the blast-furnace gases in gas-engine goie- 


rating sets, and do not normally burn the gases under 
boilers f 

]Vlr» W. Dundas: I believe that the principal factor 
which inspired the author to write his paper was that 
of fuel economy, and he has indicated a direction in 
which to look for improvements. The problem depends 
upon a number of conditions and circumstances, e.g. 
relative demands and capacity of boiler and power 
plant, coincidence of the demand for process steam 
and power load, stand-by plant, capital and labour costs, 
etc. I t hink that the author has rather underestimated 
his labour charges in tlie examples quoted. I have 
looked into the examples given in the paper, and in the 
case of the paper mill the whole of the power should 
be obtained from the process steam, that is, if the two 
supplies can co-operate, but evidently such is not the 
case as an additional 560 tons of coal is required to 
balance the power load, which corresponds to approxi¬ 
mately 0-5 lb. per kWh and not 5-0 lb. as stated in the 
paper. Generally speaking, it is possible to effect a 
gain from 10 to 13 per cent on the total steam required. 
The two cases referred to on page 898 are instances 
where the combined plant is justifiable and every 
attempt should be made to conserve fuel, but that 
cannot be done at the expense of the electricity supply 
undertaking, which cannot reasonably be expected to 
I give a stand-by supply at a very low rate. The minimum 
charge must cover at least the fixed charges on the capital 
cost involved in furnishing tlie supply. 

Mr. W, J. Medl 3 ^ : I think that the author goes too 
far when he assumes that certain costs of upkeep and 
running of the electrical plant can be ignored, simply 
because a staff has to be provided in any case for the 
running of the steam plant. At the same time the 
elimination of actual waste is, of course, a very definite 
gain where this is found practicable. Take tiie case 
mentioned towards the end of page 897, for example. 
It is shown that 660 tons of coal are required for the 
electrical plant—just over. 10 tons per week—^but nothing 
is allowed for the labour of handling this nor for the extra 
cost o^ storage. Of course it may be a fact, as suggested 
by the author, that there is a surplus of labour emj^loyed 
on the steam plant, but that does not appear to be a 
suf&cient reason for employing the surplus in other ways, 
without a proper subdivision of the charges to be in 
agreement with the actual facts. Even if there is no 
way of economically using the surplus at the moment 
in any particular case, the manufacturing conditions 
vary from year to year. Then, again, it appears to be 
assumed in the paper that this valuable plant will 
practically run itself without any traine(^^ electrical staff, 
but with unskilled and untrained attendants in charge 
of the electrical plant I should expect costly and incon¬ 
venient breakdowns which might have a ^serious effect 
on the output of the works. Also I should not like to 
risk running an electrical plant without some supervision 
by a trained and competent electrical engineer. In 
those cases where electrical machinery is already installed 
these points are, of course, subject to modification, but 
they are not very definitely dealt with by the author. 
At the end of page 899 a case is quoted where the cost 
of generation is estimated at l*21d. per emit, and at the 
beginning of the^next page a public supply is stated to 
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be available at 1 • 26d. per unit. Apart from the criticisms 
ateady referred to, I suggest that with such <a small 
margin this is clearly a case where the risks of the special 
installation should not be incurred. The cost of handling 
wood refuse is referred to, but in another part of the 
paper there is stated to be a market for saw-mill waste. 
It would be interesting to know what life of plant has 
been allowed for in the calculations. Until within 
comparatively recent years the Post Office had a number 
of small generating stations of capacities ranging from 
about 160 kW to 600 kW in London and the principal 
provincial towns. These installations were associated 
with heating systems and other services, and many of 
the economical side-lines advocated by the author 
were in operation. Owing to the importance of public 
requirements it was necessary to keep a good reserve 
of plant to ensure continuity of service, and the load 
factor was therefore poor. Of course, in manufacturing 
works, continuity of service is an important factor also, 
and a breakdown might result in serious loss. When 
most of our generating stations were erected (about 
26 years ago) the possibility of a breakdown of the 
inunicipal supply was greater, and the comparative 
cost of energy much higher, than at the present time, 
and it has since proved to be an economical proposition 
to close the stations and take supplies in bulk from the 
supply undertakings. The quantity of energy taken, 
and the good day load, were factors which had a bearing 
on the question of the terms of supply. The valuable 
space rendered spare due to the withdrawal of the 
generating plant was also a matter of some importance. 
It is therefore evident that the case for steam-driven 
generating stations of about the capacities mentioned 
by the author cannot be supported so far as our experi¬ 
ence goes. 

Mr. G. A. Juhlin: I do not think it is possible to 
generalize on the question of individual power plants 
versus large central stations. Each case has to be 
considered on its merits because the importance of the 
various factors which determine whether it will be 
cheaper to purchase power than to install a generating 
plant^must necessarily differ in each case. It must not 
be overlooked that there are some factors which cannot 
be easily assessed in monetary value, such as freedom 
from trouble associated with the running of a power 
plant, which fall on the shoulders of the supply under¬ 
taking when power is purchased. The author refers to 
the fact that more water power was utilized 40 to 50 years 
ago than to-day. I do not think this can be taken as any 
indication that there is less appreciation of economical 
considerations to-day than 60 years ago. The shutting 
down of the small individual water-driven mills is simply 
due to the growth of our large industrial centres, with 
better facilities for labour, transport, etc,, which has made 
it possible to deliver the goods to the consumer at a 
lower price than could be done from the mills situated 
at points where water power was available. With 
regard to the small automatically-operated hydro¬ 
electric power plants in the United States to which 
reference is made in the paper, I believe that these are 
situated in districts where the cost of coal is very high, 
which makes iti economically possible to pay the high 
capital charges involved in some of these hydro-electric 


stations and still compete with steam plants. Looking 
at this question from a domestie consumer's point of 
view, one cannot help feeling that if the whole coal cost 
were eliminated it would not materially affect the cost 
of lighting and power for household purposes, because 
the cost of the fuel is but a small fraction of the total 
cost. In connection with the burning of refuse from 
wood-working factories, I have seen several mills in 
Sweden where this was done and it is not uncommon 
to see coasting steafners burning the ends cut off planks 
and logs. 

Mr. T. E. Herbert: The author maltes one very good 
point, viz. that the correct thing to do in all these cases is 
to see that our coal supply is conserved, and he would 
like to see it made a penal offence for coal to be needlessly 
used. If it is a fact that any public supply undertaldng 
uses its position to compel a man to take tlie whole of 
his supply from the public mains when he can get 
energy in another way by eliminating waste, such pro¬ 
cedure appears to be wrong in principle. The value of 
having a perfectly reliable supply is very considerable, 
but there are cases where a small stand-by plant is 
absolutely essential. For example, in the case of a 
telephone exchange there should always be some method 
of getting the necessary electrical energy if something 
goes seriously wrong. Fortunately, the use of secondary 
batteries means that there are several hours available 
in which to make the necessary arrangements.^ One 
hopes that no serious disaster to the main power stations 
will happen, but arrangements have necessarily been 
made to avert such an emergency. 

Mr. E. Rothwell: I thoroughly agree with the 
author's remarks regarding public institutions. I do not 
see how it is possible for a public supply to compete with 
a properly designed institutional central heating and 
power plant. When one considers tliat institutional 
requirements comprise heating, lighting and power 
continuously the whole year, night and day, it enables 
the coal to be used to provide all the necessary services 
with the utmost economy. The institution, for instance, 
in which I am interested has spent £66 000 in 7 years 
for fuel and gas, and it will be recognized that oppor¬ 
tunities do arise to deal economically with the fuel 
question. The essential demand is heat and tliis has 
to be met by soig-e means, either by separate domestic 
boilers or a complete central heating arrangement: also 
there are demands for steam for laundry purposes, hot 
water supplies, cooking, etc., and electrical energy 
simply becomes a by-product when exhaust steam can 
be utilized for most of the above requirements. I have 
devoted much study to this question and I certainly 
think that the title of the paper is very appropriate, 
particularly when one thinks for a moment of the enor¬ 
mous amount of heat thrown away daily in condensing 
plants. I know quite well that it is unavoidable in 
the majority of cases, but I do consider that every 
effort ^ould be made by engineers to obtain the 
utmost from the coal that has to be burnt. This is 
not so in many cases. I am quite satisfied that where 
exhaust steam can be created by the generation of 
electrical energy and completely absorbed for useful 
heating services one can with confidence extend the 
application of electrical energy for all sorts of uses 
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and feel that every current-consuming device is utilizing 
the coal to the best advantage. It must also be remem¬ 
bered, as the author points out, that in every case boiler 
plant is necessary, even if a public supply is purchased, 
and when their maintenance cost is considered this 
makes the case for private plants beyond question, 
because under either arrangement the current-consuming 
appliances require a staff for their maintenance, and 
this staff is ample to supervise the generators. 

Mr. J. Aylmer: The poHcy of the Electricity Com¬ 
missioners is the rule which we should all follow, but 
there are exceptions to every rule, and we ought not to 
lose sight of this. As an electrical man I have felt very 
strongly in the past that it is one's duty to endorse the 
policy of tile Commissioners, but when one comes across 
cases like those which have been mentioned, as an 
engineer one has to face facts. As a previous speaker 
has said, each case has to be considered on its merits, 
and these special cases which the author has put before 
us are indubitable. I consider he has been very fair: 
he has not given us, by any means, all the cases that he 
might have done, and I should have liked to hear the 
opinion of some of the engineers of the bigger combines 
in Manchester which run their own stations. Some 
concerns run their own plant, in spite of the objections 
mentioned by various speakers. I have in mind a case 
of a mill in the Manchester area which uses no steam at 
all for^process work, but which heis just put in a new 
set to replace an old one. From experience gained 
during the past 18 years tliey found that they could 
generate more cheaply tliemselves although using 
no process steam. Mr. Watson referred to a case where 
a supply undertaking quoted IJd. a unit for a supply. 
It would be interesting to Icnow whether tliat was a 
small outlying station where the overhead charges 
for transmission and so on were heavy and had to be 
added on. 

A. Xustin : In common with other speakers 
I believe that the method of making comparative 
estiniates which the author has adopted is the correct 
one, in so far as he does not include in hi.s cost of produc¬ 
tion of current any allowance for items such as boilers, 
which, though they are necessary for the production of 
electrical power, would have to be installed in any case, 
whether electrical power were genera4;ed or not. This 
question comes up in discussions from time to time 
and is never very satisfactorily dealt with. It seems 
to me that the right way to decide how a comparative 
estimate should be made up is to be clear in our minds, 
first of all, for what purpose the estimate is to be used. 
The right way to rnake up the estimate is the way which 
best fulhls its particular purpose. Any particular 
method may sometimes be right and sometimes wrong. 
Such an estimate as the one in the paper may be made 
by a private individual who is making up an estimate 
of the costs of various alternative possibilities with a 
view to enlarging his profit. What he wishes to know is, 
which of the two possible alternatives will actually, in 
point of fact, give him the biggest excess of income 
over expenditure in the future. It seems to me perfectly 
clear that from that point of view the author's method 
is the correct one, because, if one V^re to adopt the 
alternative method and distribute tho^ costs justly " 
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between the two uses of the boiler plant, then tlie.. indi¬ 
vidual i^onsumer concerned might actually adopt, "^on 
the basis of that estimate, a line of policy wMch will 
in fact give him less profit than he could otherwise 
obtain. That is not the kind of thing that private 
enterprise usually has in view. Secondly, an estimate 
may be made up from the point of view of public policy. 
There again it seems to me there can be no doubt that 
to leave out of the estimate all charges which are not 
additiondl charges caused by the development of the 
electricity supply is the right policy. In the particular 
example before us the omission of all charge for boiler 
plant in making up the estimate for the cost of production 
of power from process steam is giving the real economy 
of that proposal a chance to appear in the comparative 
figures. If such an estimate determines a user to install 
back-pressure plant, then it has been the means of 
securing the adoption of a policy which really does some¬ 
thing to aid the conservation of public resources instead 
of leading to the development of two entirely separate 
sets of boiler plant where one would sufi&ce. Thus, in 
spite of the criticisms which have been made of the 
author's system of maldng comparative estimates, which 
includes no charge for items of plant which would have 
to be installed in any case, we must conclude that his 
method is the right one. It is right for the private 
individual because it enables him to choose the alterna¬ 
tive which really will make his profit a maximum, and 
it is also right :hom the social point of view because it 
causes the choice to be made which will give the maxi¬ 
mum real economy of the nation's resources. 

Mr. W. A; ‘Ghristianson: I agree with previous 
speakers that each case should be considered on its 
merits, but I feel that where steam is required for 
process work or heating, a case can invariably be made 
out for an independent power plant, and frequently 
also where no process steam is required. Apart from 
the process steam case, air- and water-heating is a general 
requirement of every works and building of a public 
nature and offers a suitable field for an independent 
plant.^ As the factors affecting power and steam produc¬ 
tion costs have been more thoroughly appreciated, and 
the utilization of pass-out steam or exhaust from prime 
movers, coupled witli economies from condensing, 
have been developed, the independent plant has fully 
met tlie competition of the public supply. This is evi¬ 
denced by the amount of business being done by manu¬ 
facturers of prime movers of all types and sizes which 
come within the range of " small power plants." As 
the size of installation increases, so does the case 
for the independent plant become stronger. Like the 
author, I have wondered why some works using process 
steam take a public supply, and I would suggest that a 
lack of appreciation of tlie possibilities *of combining 
power and heating is the cause in some cases. I do not, 
however, agree as a general statement with the greater 
reliability of a public supply. The converse is just as 
likely to be the case. I heard of a works generating 
their own power—of quite a large amount—^by steam 
engines and turbines working condensing and also using 
a large amount of heating steam direct from the boilers. 
Ultimately, however, the wastefulness •of this arrange¬ 
ment was realized, and the power and heating com- 
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bined, with considerable resulting economy. I know 
als^ of two industrial concerns to-day each'^taking 
power from a large local undertaking whilst making 
their own steam for process work. They are now 
proposing to install their own generating plant to provide 
for their combined power and heating requirements. 
In addition to the economy to be gained, one of these 
concerns considers it a matter of importance to have 
its own power plant so as to have control in its own hands 
and avoid being shut down through a possible strike 
affecting the public supply over which it has no control. 

I believe that there are still a large number of plants in 
a similar position to the above in which a combination 
of power and heating requirements would be very 
advantageous. In cases where an independent plant 
is installed—^and especially when this consists of one 
unit only—the public supply can with advantage 
be combined in the scheme to provide a complete or 
partial stand-by and also to meet the small night or 
week-end requirements which would not justify the 
running of the plant. I am in general agreement willi 
the author, but I think that the figures of costs deserve i 
further examination. Though the comments of previous 
speakers have been in the direction of inflating the figures 
quoted I should like to reduce one of these at least. 
The author gives the cost of a 660-kW geared pass-out 
turbo-generator set as £7 500. I believe that a plant 
of this character and size could be purchased and installed 
at the present day for £4 000 at the outside, or £6 000 
including a condensing plant. 

Mr. H. G. Crews: Small private plants relieve supply 
companies of their peak load, and I have in many cases 
been able to make agreements for an alternative 
supply where we have undertaken to avoid the peak 
load, unless advance arrangements were made with the 
supply undertaking on the telephone. This plan has 
worked very well. We have always been willing to 
take a sufficient number of units annually to make it a 
pa 3 dng proposition for the supply undertaking. Where 
accumulators have worn out, instead of replating 
them we have in several cases connected the ^public 
supply. It is an advantage in many cases. Sometimes 
it is required to clean out the boilers, etc;, and by 
arrangement the supply undertaking will take the whole 
load if they are in a position to supply. The author has 
referred to the way in which people are approached by 
supply undertakings. I should like to give an example 
of what occurs; it is very unfortunate that this is done 
occasionally, A prospective consumer is told that he 
can be supplied at, say, 0‘3d. or 0*4d. plus a small 
fixed sum. Ats'first that business man does not realize 
how this latter works out, but on investigation it is 
found that i^e fixed sum may perhaps be 0*9d., and 
that there are coal clauses which may mean an addi¬ 
tional 0- Id. or 2d. When he has finally gone into the 
whole thing this business man is annoyed to find that 
the cost may work out to, say, 1 • 4d. per unit over all; 
and he thinks he has been deceived. It does* the supply 
undertaking no good and sometimes it is too late to 
reconsider the matter. A great many public supply 
connections have been turned down for that reason; the 
business man thinks he has been deceived. Of course 
the crux of the whole question of priyate plant versus 


public supply is that every case must be considered on 
its merits. There , are plenty of bases where a private 
plant does pay and pay very well. I am responsible 
for a number of supplies for public schools all over the 
country, and the majority have their own private 
plant. In four cases I have in mind, three have their 
own generating plant in duplicate. The fourth school, 
when their agreement ends with the supply undertaking, 
are going to install their own plant, because they can 
easily cover all capital costs on the same in five years' 
running, based on actual results of three similar cases. 

I have replaced private plants by public supply more 
often than the reverse, but in many cases private plants 
have been supplied and, taking into account every 
figure, have shown a saving. Local conditions decide 
the question entirely. 

Mr. H. G. Lamb: As some speakers have already 
said, very often the question of private plant or public 
supply largely depends on the degree of importance 
which the power user attaches to reliability. The author 
gives two examples where people who might have used 
their own private plant have preferred to come on a 
public supply system. A hundred instances in Man¬ 
chester could be given where chemical works, dyeing 
and finishing works, saw mills, paper mills, and so on, 
have preferred to come on the public supply, no doubt 
for sound reasons. It has been stated in the discussion 
that some supply undertakings refuse to give arsupply 
of power to a consumer unless that consumer guarantees 
to take the whole of his power from them. There is 
certainly some misunderstanding here, and I do not 
think that any supply undertaking would attempt to 
make a rule of this land Possibly there are special cases 
where it would be unprofitable to make an expensive 
extension to mains unless a definite load were guaranteed, 
and it is some such case, I think, which has given rise 
to the misunderstanding. There are many examples 
in Manchester of works driven partly by consumers' 
own plant, and partly from the Corporation's mains. 
It is not easy to check the author's figures. He speaks 
as an expert of matters with which he is familiar. Com¬ 
ment has been made on the small sum allowed in the 
paper for repairs, and it was suggested that the payments 
for insurance also covered repairs, but it is safe to say 
that no insurance company would insure, and also 
carry out repairs for the trifling annual sum of £16. 
With regard to the operating figures on page 897, I 
notice that in the first case the coal is given as 660 tons, 
and the ash as 112 tons, that is to say, the ash removed 
is 20 per cent of the coal consumed. A coal with. 20 
per cent of ash, and the usual amount of moisture, will 
have a calorific value, as fired, of 10 600 B.Th.U. Allow¬ 
ing 1 060 B.Th.U. per lb. of steam, then to get 8 lb. of 
steam per lb. of coal, as the author does, means that these 
boiler houses are working, week in and week out, at an 
average efficiency of 80 per cent. We Icnow from 
Mr. Brownlie's figures * that he tested 400 private plants 
and found that they had an average efficiency of 68 per 
cent. If an 3 rfching like this obtained in the cases cited 
in the paper, the operating figures for coal (the princi¬ 
pal cost) would have been considerably higher. The 
part of the papeijj* dealing with process refuse is extremely 
r ♦ See Journal 1924, vol. 62, p. 386. 
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interesting. The author has given his views on the 
proper function of ^pply undertakings, whose duty 
apparently it is to give a temporary supply to suit the 
convenience of any consumer who wishes to take out his 
old plant and put in new. The public supply will then 
not be wanted again until the next emergency occurs. 
Of course a stand-by supply cannot be given without 
proper payment. The Electricity (Supply) Act of 1922 
recognized this and absolved all supply undertakings 
from the obligation of giving a stand-by supply without 
a payment which would cover the fixed charges; and 
any supply undertaking will act as a stand-by on these 
terms. The author has given a good testimonial to the 
sales departments of the supply undertakings, but I 
do not know that they are really entitled to credit for 
any special wiliness, because it seems to me that a 
saw-mill owner's ordinary business keenness would 
put rather a different complexion upon the case. In 
this instance the author gives a figure of £845 as the 
annual cost of power generation by the saw-mill plant, 
but the balance sheet is not complete because he h as 
not added the revenue which would have been obtained 
from the sale of the refuse, supposing it had not been 
consumed. He said that sawdust could be sold at 
16s. per ton, and the works in (Question are making 
about 800 tons a year; so the sawdust alone would 
be worth something like £700 a year. If that be added 
to the <*£845, the total cost is far in excess of what it 
would have been if power had been obtained from a 
public supply. The author concludes by stating that 
a good case can be made out for the small plant. He 
says, the capital outlay for super-power stations, 
long transmission lines, substations and the like, is very 
large, and ihis must introduce a heavy charge on to tlie 
cost per unit in scattered areas with a low load factor.” 
It is quite true that the cost of super-power stations is 
very large,' but the important point is that the cost 
per kW for a large plant is far and away less than the 
cost per kW for a small plant. That is seen from the 
figures given in the paper. The cost per kW for 
a 25 000-kW turbo-alternator of the most expensive 
type, using high-pressure steam and high vacuum, is 
only about one quarter that of the small plants 
referred to in the paper. The fact is that a very large 
public station, with its high-tension mains and distribut¬ 
ing stations can be put down at a lower capital cost 
than the small self-contained station. I feel strongly 
that the author is advocating a retrograde step when he 
suggests that there should be more small power stations. 
It does not seem desirable that we should have a forest 
of chinaneys in our industrial towns, making it all the 
more difficult to tackle Ihe smoke nuisance. Nor is it 
in the public interest to multiply small private power 
stations which must almost inevitably be much less 
ef&cient than the large station where the whole business 
of the operators is power production. 

Mr. E. E. Baker (communicated) : I should like to 
supplement the instances which the author has cited 
with results from oiher manufacturing firms who have 
been working for a considerable time with their own 
plant on a combined power and heating system. An 
undertaking in this country, which iSdprobably one of 
the largest, consists of 8 000 b.h.p. in b£M;;k-pressure 


steam d 3 mamos at its various branches, the largest 
imits Being 500 kW. This is an underinking which 
has been built up by degrees and was started many 
years ago, the programme being gradually to convert 
the works to a combined system, power and heat for 
the process work being generated in the same banks of 
boilers. There has been no difiSlculty in establishing a 
steam balance, the boiler plant has been reduced by as 
much as 40 per cent in some instances and the bui of 
the electric supply, which was previously taken from an 
outside source, is now generated on the premises. The 
plant is all arranged on the unit system and a great deal 
of consideration has been given to arrive at the most 
simple and reliable plant for the purpose, with the result 
that a continuity of supply has been maintained with 
practically no stand-by plant and consequently with 
low capital expenditure. The results in fuel saving, 
cost per unit and improved process-steam distribution 
have more than justified the undertaking, which is still 
in tlie process of further development. Other instances 
show equally good results. A paper works is generating 
power at a cost lower than that at which a supply from 
an outside source could be obtained. A works manu¬ 
facturing a speciality saved £1 200 in the first six months. 
A dye works, an institution and a public school are 
other instances taken at random where savings of 
£700, £2 000 and £200 respectively have resulted. 
Comparing the cost of production with that for any other 
scheme, the reason for the saving is so obvious that it 
is dif&cult to conceive any other result. In instances 
where steam balance presents any difficulty there should 
be a favourable opportunity for working in conjunction 
with a public supply, if one is available. Works will 
naturally install their own plant up to the extent of their 
demand for process steam, excess power being drawn 
from the public supply, Ihe arrangement being auto¬ 
matic and controlled by the process-steam demand. 
The advantage of this system is that condensing, the 
weak link in the chain, is only employed in the large 
sets of^public supply undertakings, where the sets ran be 
run on good load factors with the minimum fuel con¬ 
sumption. At the present time many works install 
pass-out plant, which is another way of dealing with the 
steam balance question, though such firms would gladly 
buy any power in excess of that obtainable with their 
steam-heating demand if they could obtain it at a price 
which would pay them better than installing the pass-out 
plant. In connection with a pass-out plant it should 
be borne in mind that if the load factor on the low-pres¬ 
sure end and likewise the condensing plant is a poor one 
it involves a heavy capital expenditure, and a plant 
may not run with quite the best economy on purely 
condensing conditions when not passing put. But if, 
as Mr. Sills points out, the public supply undertaking 
is going to put all lands of restrictions on consumers 
who have sound fuel-saving schemes, the advantages 
of such combinations will be lost and botli the public 
supply undertaking and the consumer will be the 
sufferers, to say nothing of national interests as regards 
fuel economy. There is, of course, nothing new in 
the back-pressure engine; it has been working most 
economically on these lines for years, •and the reason 
why it is now so prominent is the cost of fuel and 



908 MALLINSON: JUSTIFIABLE SMALL POWER PLANTS: DISCUSSION. 


labour. Manufacturers want more power from fewer 
boHlers and there is no other way of getting it,‘and as 
during the last two years one of the leading high-speed 
forced-lubrication engine manufacturers has turned out 
130 engines operating on this system, totalling some 
25 070 b.h.p., the public are obviously realizing the 
advantages of the proposals which the author has put 
before us. 

Mr, R. A. Baldwin {communicated) : The author has 
very rightly drawn attention to the publicity which is 
apt to lead the uninformed to suppose erroneously that 
it is from super-power stations that we axe to obtain 
the cheapest possible supplies of electrical energy. 
It is to be regretted that there is not more general pub¬ 
licity given to the alternative sources which are set out 
in the paper, particularly among works managers and 
directors of industrial concerns. The fact that a super¬ 
power station with an overall thermal efficiency as high 
as 20 per cent is very unusual at present, and that the 
average overall efficiency of the public supply under¬ 
takings in Great Britain is only about 12 per cent, is 
obviously not appreciated. With a well-designed com¬ 
bined power and heating scheme it is easy to attain a 
thermal efficiency of 60 per cent on the plant, so that 
obviously the private plant must be justified in tliese 
cases unless the capital charges and wages for the small 
power plant more than outweigh the saving due to 
fuel costs, and of course there is no reason why they 
should. To the reasons which the author gives on page 
899 for certain works taking a public electricity supply, 
when it is certain that by doing so they are wasting 
the national supplies of coal and increasing their own 
production costs, one might add the fact that the workers 
in many trades have been brought up to achieve results 
by rule-of-thumb methods, and they raise every possible 
objection to any apparent change in the process-steam 
supply. Numerous instances could be given of operatives 
raising objection to the use of steam which had passed 
through an engine, although it corresponded in every 
way to the supply previously obtained direct from the 
boilere through reducing valves, etc. The author has 
not included a reference to waste-heat boilers in his 
paper, but there is no doubt that by their use very cheap 
power could be generated in many works. In conjunc¬ 
tion with steam-driven generating plant electrical energy 
can be produced at a cost which is practically the sum 
of capital charges, stores charges and wages for the plant. 
On gas-works, iron and steel works, cement works and 
similar places, electrical energy can be produced at a 
figure which is very much lower than the public supply 
rates. 

Mr. C. J, Elliott (communicated) : I am mainly 
interested iu.^.the author’s remarks and figures in connec¬ 
tion with bleach and dye works. The figure of 0*766d. 
per unit justifies the use of a small power plant for the 
case cited, as the cost of current, if purchased, would 
be in the neighbourhood of 0‘9d. per unit for these 
conditions. An operating cost of 0-362d. per unit, 
whilst liberal, is near the mark, but the capital charges 
are excessive for the average case. If it is necessary to 
spend £2 000 on pipework, probably £1 600 should be 
spent as a work’s improvement where the works axe 
driven by small steam engines, and this amount would 


have to be spent if current were purchased from an 
outside source. The author’s capital figure could there¬ 
fore be legitimately reduced to a maximum of £6 000, 
and as the average life of the material represented by 
this amount would be in the neighbourhood of 35 years 
the interest and depreciation figure of 10 per cent 
could be reduced to, say, 8 per cent, which would make 
the total cost per unit 0*612d. The running plant 
should have a minimum life of 26 years, and this is con¬ 
firmed by a set running under my supervision which is 
26 years old and appears to be good for another 10 to 
26 years’ life. It was completely overhauled 12 months 
ago at a cost of £100, and tool marks were still visible 
in tlie cross-head guides. Experience gained with some 
25 modern high-speed reciprocating sets working against 
back pressure, and 15 old electric lighting plants, has 
proved the supply given by them to be more reliable 
than the supplies talten at 10 works from outside sources. 
In very many cases there is a field for both the private 
plant and the outside supply in the one works. This 
would be mutually beneficial to both consumer and 
supply undertaking, but to get the full advantage of 
such a combination the supply undertaldng will have 
to adopt a broader and more commercial spirit than 
that adopted by many of them at the present time. 

Mr. A, C. Pain (communicated ): Considering the 
matter on broad lines, it is difficult to understand how 
anyone can advocate a system which invol\ 5 es the 
deliberate waste of 60 per cent of the heat in the fuel 
burned by discharging it in the cooling water, as is 
the case in super-power and other condensing stations. 
Instead of trying to establish a monopoly for such a 
vicious system, surely the sensible course would be to 
encourage the private plants, or such of them as do make 
some attempt to avoid tliis serious waste by endeavour¬ 
ing to utilize the heat in the exhaust steam. Other 
countries are wise in this respect. Herr Treitel in his 
paper on ** German Practice in Exhaust Steam Engi¬ 
neering ” read before the First World Power Conference, 
after referring to tlie numerous industrial plants in that 
country which find that they can produce electrical 
energy at a lower cost by combining the production of 
power and heat, points out that this method of operation 
is very desirable from the point of view of national 
economy, and goes on to say that so far as Germany is 
concerned it is becoming the exception for power plant 
for industrial purposes to be of the ordinary condensing 
type. In other words, they are there fully alive to the 
iniquity of wasting the heat in the exhaust steam, and 
keen on finding ways and means of avoiding it. If a 
tithe of the thought and scheming which have been put 
into gaining half per cents in the thermal efficiency of 
large power stations had been devoted to reducing or 
avoiding the loss consequent upon the waste of heat in 
the cooling water, this country would be in a very much 
better position than it is at the present time. The 
way to do this is to seek out methods of utilizing the heat 
in the exhaust steam, and to encourage and assist the 
person or firm who is able and willing to do so, instead of 
placing obstacles in his way and endeavouring to force 
him to take his energy from the public supply mains. 
Facilities should afiorded for anyone who can generate 
current cheaply by the utilization of exhaust steam to 
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dispose of any surplus power into the public supply 
mains, by running in •parallel with the public supply. 
This would have the effect of linking up the industrial 
power plants and enabling the industry which requires 
much steam and little power to collaborate with the 
industry which requires much power and little steam. 
It has sometimes been suggested that works which require 
much steam and little power should be located by the side 
of works which require much power and little steam, but 
if the power plants of such works were linked up in this 
way there would be no need for the worlcs to be moved. 
This system is already in operation to a limited extent, 
notably the waste-heat stations on the North-East 
Coast and a few private plants, but it should be extended 
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throughout the country. Its application need’ not be 
confined to waste steam, but to waste of all sorts, incliSi- 
ing those mentioned by the author' e.g. waste gases 
(coke-oven and blast-furnace); manufacturing wastes 
(household and town refuse); and last, but by no means 
least, waste water power, observing that there must be 
many small streams which could be economically 
utiUzed if this system prevailed, in addition to the few 
which are already being used. Is there any other 
industry which has such a waste as 60 per cent con¬ 
nected with its activities and which, like the power 
industry, makes no effort to amend it ? 

[The author^s reply to this discussion will be found 
on page 911.] 


Scottish Centre, at Dundee, 24 April, 1926, 


Mr, A. P. Robertson: The author has endeavoured to 
show that in certain circumstances it would be better 
for a works to generate its own supply of electricity 
than to take it from a public supply undertaking. 
Whilst this possesses certain advantages, especially in 
process yrork, reliability and continuity of supply are 
worth something. If spare plant is to be installed tlie 
capital charges are greatly increased. The space re¬ 
quired for the generating plant must also be carefully 
considered. In one case a firm valued tliis space at 
£10 000 for 500 kW and in this case decided to take a 
public supply. The space required for a substation and 
switchgear is not large compared with that required for 
generating plant inclusive of boilers. Where steam at 
low pressure is required for process work it is certainly 
economical to use an engine or prime mover as a reducing 
valve, and take advantage of the power generated. I 
do not, however, think that tlie author makes out a 
good c^e for the saw-mill on page 899. The gross cost 
per unit is given as l’21d., and the public supply is 
available at 1 • 26d. per unit. Notliing has been allowed 
for handling the material to tlie boilers, and if this is 
included the cost would be 27 tons per week at 6d. 
per ton, equal to 13s. 6d. per week or £37 16s. per annum. 
This brings the cost per unit to l-261d., which is higher 
than the cost of public supply. The author suggests 
a stand-by supply but does not makg any allowance 
for this, the charge for which is £2 per annum per kW 
or £200 per annum for 100 kW. Add this to the gross 
cost of £845, and we get £1 046, equal to l’494d. per 
unit. Taking the public supply at l‘26d. per unit, the 
yearly bill would be £876, showing a saving of £170 
in favour of the public supply. In addition, there would 
be available about 600 tons of sawdust at 16s. per ton, 
equal to £480, and 200 tons of firewood at £1 per ton, 
equal to £200, a total of £680. Allowing 60 per cent 
for handling and selling (a very liberal figure) tlaere would 
stm be available £340 which, added to £170, gives £510 
per annum in favour of the public supply. There still 
remain the long shooter shavings and the four-cutter 
dubbings, which would raise sufficient steam for canteen 
cooking, heating and seasoning. The space required 
for the boiler and engine would also be saved, and in a 
congested area this is a valuable asset. I have taken 
the author's figures and have excluded The handling of 
VOL. 63. * 


refuse in both cases. Even if the power were generated 
by wood-refuse gas plant as detailed on page 900 there 
would still be a saving in favour of taking a public 
In an article on the raising of steam from 
waste products it was stated that sawdust and shavings 
were unsuitable for steam-raising if used alone, as a 
great deal of ash is produced which requires very frequent 
cleaning of the fires and ash-pits. The best way to burn 
sawdust and shavings is to mix them with cinders, coke 
breeze or other material. Chalk and sawdust have also 
been used. I should be glad if the author would say 
how he bums his sawdust. It is possible, of course, tliat 
owing to the percentage of wood chips and other solid 
matter the sawdust may bum easily in this case. Turn¬ 
ing to small, self-contained power stations, whilst a 
small power station with up-to-date plant could possibly 
generate at less than 2d. per unit, there is no margin.for 
spare plant, and arrangements would have to be made 
for a stand-by supply from a large power station. Sup¬ 
posing that mutual arrangements were in force whereby 
no stand-by charge was made, the fact of the small 
station requiring to be run in parallel with the larger 
units v^uld necessitate more robust switchgear in the 
smaller station. The capital charges on this would* add 
an appreciable amount to the unit cost, and although 
there might be certain cases where the situation of the 
small station would justify its erection, I am of the 
opinion that in the majority of cases the large super¬ 
power station can generate and distribute more cheaply. 
Before any small stations were erected, the circumstances 
would have to be taken into account for each individual 
case. 

Mr. J. S. Thomson : In our area we have compara¬ 
tively little experience of plants using process steam. 
The linen industry does use process steam, hut when the 
details of the operation of such plants are investigated 
it is generally found that the amount of coal required 
to get the process steam is very much less than has been 
imagined. I think the real point is one of capital charges. 
If the consumer takes a supply from the public mains 
we know what happens if the supply fails, but if his 
own plant fails he suffers a couple of days' shut-down 
without much complaint. It is fairly safe to say that 
every factory with a private plant has stopped for two 
or three days at toes, some of them more than once. 

60 
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If, however, they come on to our mains and we stop, they 
irSmediately threaten to supply their own po'wer. If 
they put in duplicate plant tiie cost would be very 
different. The author really arrives at his figures by 
making considerable use of the public supply, but whilst 
the principal object of a public supply undertaking is 
to do a public service, I do not think it is one of its aims 
to enable people to show what they can do with the 
supply undertaking’s assistance and at the expense of 
other consumers. It is a very difi&cult subject; it is so 
easy to make out a case for anything. Taking my own 
company, for example, during the past 20 years only 
two consumers have gone off the mains, except, of course, 
those who have gone out of business altogether. One 
of these is, I know, very regretful that he did so, because 
he has already lost more money than would drive his 
works for years, and he is not finished yet. In the case 
of the ordinary simple self-contained station, there I 
think the question turns on two things, stand-by supply 
and load factor. Only last week I had, an inquiry in 
respect to a 4:00-kW job. The applicant said that our 
prices were impossible, and in the course of the conver¬ 
sation it appeared that his argument was based on a 
60 per cent load factor, whereas the load factor for the 
previous yeax was actually only 32J per cent. On this 
basis his own figure was considerably higher than the 
figure we were offering, which was eventually accepted. 

Mr. E. Seddon: In detailing the various items 
which make up the cost of tlie private plants, the author 
makes no allowance for buildings or spare plant, the 
inclusion of which would materially increase the capital 
costs of these small plants. When comparing these 
costs with the conditions obtained where a public 
supply is taken, some allowance should be made for the 
site value of the owner’s plant. I submit that the author 
does not appear to have allowed a sufficient amount to 
cover wages for labour required in operating the various 
plants. The statement at the top of page 898 shows that 
other portions of the works are bearing certain costs 
for operation which should properly be allocated to the 
power plant. There is one class of power consumer 
which most central station engineers will agree is difficult 
to obtain as a consumer. I refer to a manufacturer who 
requires steam-heating for process work for such trades 
as papermaking, brewing, etc. ' Owners of private power 
plants do not as a rule put sufficient value on the relia¬ 
bility of energy supplied by the public authority. When 
private plants break down there is usually no alternative 
to closing the worlcs until such time as the repairs are 
effected, whereas the chances of an interruption of public 
supply, except for a short period, are very remote, due 
to the fact that spare plant is held in reserve to meet 
emergencies^ Fortunately for the whole community, 
private power plants with their attendant nuisance from 
smoke and dust are daily becoming fewer in number. 
Reg^ding the cheapest form of power, it is of course 
fully realized that each case must be worked out on 
its merits, as the cost of electricity varies so much as 
between different districts. 

Mr. D. J. McDonald: Mr. Robertson has not stressed 
too highly the value of space, and I think that the paper 
does not give Ihis point sufficient value. In any city 
space must be taken into account *in every case in 


calculating the cost of generating the current. On the 
other hand, Mr. Robertson makes far too much of 
the stand-by plant. For that, however, not he, but the 
whole electrical engineering industry is to blame. When 
plants are put down the margin of power is in many cases 
fax too small and the Hability to breakdown fax too great. 

Prof. A. R. Fulton: There is no doubt tliat in certain 
circumstances small power plants can be used, but it 
is very doubtful whether they can successfuUy compete 
with the Dundee Corporation supply. 

Mr. W. Sutcliffe : Experience has, I think, proved 
beyond dispute that in paper mills where a large quantity 
of process steam is required it is possible for a private 
plant to generate energy at considerably lower charges 
than could economically be offered by the nearest public 
supply undertaking. There axe many successful 
examples of private plants in Scottish paper mills, and 
it is significant that at the moment there are to my 
knowledge three cases where such private plant is being 
installed. At the same time, however, many cases arise 
in which the demand for process steam is comparatively 
small; here the question as to whether a private plant 
should be installed depends very greatly on the prices 
that would have to be paid for current if purchased 
from outside. Power charges vary within wide limits 
in this country, certainly from 0*6d. to 2d. per unit, 
frequently depending on the views held by the local 
supply engineer. It is therefore obvious thj,t what 
might be the correct thing to do in one district would 
be entirely wrong in another part of the country if tlie 
prices quoted in the two districts were low and high 
respectively. This point should be fully considered 
before coming to a decision regarding private plant 
versus public supply. Incidentally, I suggest that the 
wide discrepancy in supply charges for power throughout 
the country might be brought under review by the 
Electricity Commissioners, because at present we have 
the anomalous position that whilst manufacturers must 
compete in the price of their finished products, one of 
them, through no fault of his own, may have his operating 
costs made considerably higher than his rivals* owing 
to having to pay more for his power supply. The 
standardization of electricity charges, particularly for 
power purposes, is to my mind just as important as the 
standardization 43f frequency, and it is to be hoped that 
when the latter is accomplished the other will follow. 
Referring to the typical saw-mill installation cited by 
the author on page 899, my own view is that this 
particular example is not one which would warrant 
inclusion in the category of Justifiable small power 
plants,’* because, according to the author’s own showing, 
the difference of price in favour of the private plant 
amounts to 0’04d. per unit, or, assuming 168 000 units 
per annum, a matter of £28. I would suggest that it 
might have been preferable to have utilized the £3 600 
capital expenditure on the plant in a better way by 
putting the money into the saw-mill business for develop¬ 
ment purposes, in which case presumably a return of 
anything between 10 and 15 per cent would have been 
shown. Assuming the minimum of 10 per cent return, 
the financial results would have been sufficient to turn 
the scales in fa^cfur of the public supply, unless the cost 
of handliijg and disposing of the refuse were considerably 



^gher than might be expected. It is probable, however 
that in the near future our views regarding private as 
against public supply will undergo modification if the 
cost of energy falls to. say. |d. per unit, even in the 
most remote hamlet, as a result of electrical develop- 
ments consequent upon the proposed linking-up of the 
various supply stations throughout the country. 

Mr. p. H. Bishop : In coming to a decision in any 
engineering problem a compromise has almost always 
to be made between some advantages and some disad- 
vMtages, and there are often factors whose value is 
difficult to express exactly in terms of money, e g 
convenience, saving in space, etc. We find that managers 
cf works are m general very glad to rid themselves of 
the responsibility of generating plant. The cost of 
power is, after all, a comparatively small part of the 
totffi e^nse, and they naturally prefer to concentrate 
toeir time and energy on their own business, which is 
the more important part. Those of us who are inti¬ 
mately connected with power stations know what con¬ 
stant vigilance is required to keep the efficiency of the 
plant up to anting approaching the purchase guaran¬ 
tees, and I maintain that it is almost impossible to do it 
m the case of smaU works. A case may be out 
■on paper for a small power plant, but what really matters 
IS not what the plant should do but what it actually 
will do m the course of years—a very different thing ffi 
practice.* On tlie question of spare plant there is a differ¬ 
ence of opinion. I am one of those who think that spare 
plant is necessary. I do not see how the efficiency of a 
modem, efficient plant can be kept up without an occa¬ 
sional overhaul. With the old, inefficient types it did 
not matter so much, but modern plants are much more 
•delicate mechanisms, and not only fall in efficiency 
but may also actually refuse to go at all unless regular 
■overhaul and adjustments are made, all of which take 
time. On page 897 tlie author mentions the way in 
which the case is put by the power supplier, but I 
suggest that the way in which the prospective power 
consumer states his case is equally important. We have 
found in a large number of cases which have changed 
OVCT to a public supply that the units actually used and 
P^d for are very much less than (sometimes only one 
third of) the amount the consumers said they would 
require. Their estimates of their costs per h.p.-hour 
were therefore ^eatly exaggerated. There are doubt¬ 
less some cases in which a fair-minded engineer would 
agree tlaat a private supply is advantageous, but only a 
few will come in this category. 

Mr. A. B. MaUinson {in reply) : This discussion 
has centred generally on (1) The general principles of 
small power stations as against super-power stations; 

(2) criticism of the capital and operating costs quoted; 
and (3) general comments on the various types of 
justifiable small power plant referred to in the paper, 
and I shall reply seriatim to the various points raised 
under those headings. 


(1) The general principles of small potver stations as 
against the superpower station^ 

Doubtiess from the supply station engineer's point of 
view t^s paper is in general looked upon as ** rank 
heresy, and I fully expected^ the storm of criticism 


from th%t source which arose in the discussion. The¥e 
are, however, two sides from which the subject should 
be viewed; and in the paper I have endeavoured to 
show from the consumer's point of view how the source 
of supply of power can affect his individual industry. 
The other main point was national economv ‘ the 
whole justification for the small power plant ^ests on 
these two factors, and particularly the latter. 

There has been during the past two years far too 
much loose talk in the lay Press of super-power stations, 
wluch are going to make electric power available every¬ 
where at such a price that industry will leap ahead, 
unemployment disappear, etc. 

Several speakers, whilst agreeing that the small 
power station on waste-fuel or heat-economy lines is 
justified, have referred to the straight power station " 
as being an indisputable case for the super-station. 
To be fair, however, the comparison should be made 
on the same basis, i.e, the super-power station prime 
mover of 1925 and the small power plant unit of the 
same period. To compare obsolescent small stations 
in which the units have steam consumptions of 15-40 lb. 
per kW is absurd. There is no difficulty in attaining a 
consumption of under 12 lb. per kW on sets of 2 000 kW 
to-day, and even on units of 100 kW a consumption of 
16 lb. per kW is possible. 

Messm. Aylmer and Sills refer to the policy of the 
Electricity Commissioners as the rule we should all 
Mlow, and in general this is undoubtedly correct. 
The recommendations made by that technical body, 
however, when passed from one Government department 
to another, are liable to be used to force a line of action 
by a non-technical body, quite contrary to the national 
interests. The super-power station has undoubtedly a 
very large held to fill, but to apply its principle to all 
cases must mean that many manufacturers will pay 
far more for their power than would be the case had 
they produced it themselves. 

Messrs. Watson and Lamb cite the fact that numerous 
works have taken a pubHc supply when they used steam 
for process work as proof that the outside supply is 
the cheaper and better. My experience is that in the 
majority of such cases either (a) the works have never 
realized the potential source of cheap power that they 
have, or (&) that the limitation of capital expenditure 
has been the deciding factor. 

Messrs. Watson, Medlyn, Lamb, Robertson, Thomp¬ 
son, Seddon and Bishop speak of the greater reliability 
of the public supply. Mr. Herbert, on the other hand, 
points out that in the case of telephon^g exchanges, 
where continuity of supply is essential, fortunately, 
the use of secondary batteries means that there are 
several hours available in which to make the necessary 
arrangements." Undoubtedly power stations in general 
now give a very reliable supply, but it is doubtful if it 
can be said they are any better in this respect than a 
modern well-laid-out works power plant would be. 
Within a few days of this paper being read in Manchester, 
we had an example of the dislocation of operations in 
a town due to a power station breakdown. Many 
large manufacturers have instanced to me their desire 
to generate their own power purely and*simply from 
the points of view of safeguarding continuity of opera- 
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tk>n, a factor of vital importance with thee present 
trend of organized S 5 rmpathetic strikes, etc. Mr. 
Christianson quotes similar examples. 

Messrs, Watson, Robertson, Thompson, Seddon and 
Bishop raise the question of spare plant and compare 
the advantage of the public supply in this respect with 
the great risks undertaken in operating a small plant 
without such spares. As Mr. McDonald rightly points 
out, this is a very weak criticism. If one installs a 
mechanical drive in a factory, one does not put in a 
stand-by drive. Or, again, if one electrifies a works 
from the public supply, does one install a stand-by 
motor on each drive ? Of course not! Why, therefore, 
if there is a dynamo between the engine in the one 
case and the motors in the other example, must there 
be a stand-by ? Such arguments indicate little faith 
in the reliability of electrical plant. 

Messrs. Clarke and Medlyn quote cases where advan¬ 
tages have been secured by shutting down small plants— 
there are thousands of such cases. The same remark 
applies to the power station; plants installed 16 to 25 
years ago are not comparable with what is possible to-day. 

Messrs. Lamb and Seddon speak of the nuisance 
which private plants, with their smoke and dust, are 
to the community; but there is no difficulty in operating 
the private plant with a clean stack. The paper mill 
quoted on page 897 bums some 600 tons of coal weekly 
with no sign of black smoke (there used to be plenty 
before the plant was modernized); whilst a colliery 
plant which I inspected last week, raising an average 
of 40 000 lb. of steam per hour, has a stack only 75 ft. 
high, and has been in use night and day for four years, 
yet the mortar in the stack courses is quite white up 
to the last ring of brickwork. The saw-mill case is 
quoted by the Medical Officer of Health in the district 
as an example of how refuse can be burnt without 
producing black smoke, one of the principal culprits 
being a similar works, operating on the public supply, 
who burn their refuse to get rid of it. 

Messrs. Lamb and Thompson take me to task on the 
subject of stand-by supply. There is no question of 
getting anything without paying for it—surely the right 
way to look at these matters is from the national 
point of view. As Mr. Frith points out, often it is only 
installing a public supply that a firm can remodel 
their layout and install a plant to produce their power 
from waste. Mr. Crews speaks of many cases where he 
has been able to arrange alternative supplies on the 
lines advocated. 

The feeding back to the supply system of surplus 
power so generated is equally desirable, but can easily 
be so surrounded by difficulties in the way of compli¬ 
cated switchgear, etc., demanded by the supply under¬ 
taking that it becomes impossible; if approached in 
an open-minded manner there are appreciable develop- 
merfts possible in this direction. In numerous cases 
during the past few years the scheme has operated 
satisfactorily. The attitude sometimes taken up by 
supply undertaldngs with regard to firms generating 
part of their supply, has been criticized by the power 
station advoc;ates, but my remarks in this respect are 
confirmed by Messrs. Sills and Baker, who have experi¬ 
enced the same difficulty. 


(2) Criticism of the capital and operating costs quoted. 

Capital cost —^Messrs. Watson, Tustin and Seddon 
challenge the non-inclusion of the capital cost of steam- 
raising plant in the heat-economy examples. Apparently 
they overlook the fact that the comparison is merely 
the cost per unit basis as against the cost of outside 
supply. If their view were right, one should equally 
add to public supply the proportionate charges on the 
capital outlay of the heating plant. Mr. Watson^s 
suggestion that the boilers might equally have first 
been installed for power and then used for heating is 
doubtless correct in many cases, but we must consider 
the user’s requirements as a whole. If he requires 
heat and power he cannot carry on with one alone, 

I therefore if the outside supply cannot supply the steam 
for heating he must have his own steam-raising plant 
and then consider the power question separately. 

Capital outlay, —The capital cost of the examples 
quoted has been criticized, Mr. Lamb stating that the 
capital outlay of the most expensive 25 000-kW turbo 
set was about onc-quarter the price quoted in the paper. 
The average of the six cases given is £28 •! per kW. 
In the Electrical Review the cost of the new Ribble power 
station of 26 000 kW is given as £460 000, i.e. £18 
per kW, plus £100 000 added for mains, or £22 per k'W. 
Mr. Elliott points out that in the case of tlie dye works 
probably 26 per cent of the total outlay quot<?d would 
be a works improvement if this amount had to be spent 
to bring the present steam distribution system into line. 
This is no doubt correct; the case quoted was an 
extremely bad existing equipment. Mr. Christianson 
considers the amount allowed for the power plant in 
the case of the paper mill to be too high. The figures 
throughout the paper were purposely kept high to 
represent installed plant costs. 

Labour, —^Many speakers in the discussion consider 
the labour costs to be insufficient. The cases quoted 
(with one exception, the mental institution) are actual 
operating plants ; in the case of the mental institution 
the estimated labour cost has since, as the result of 
inquiry, been further reduced. 

The non-inclusion of labour cost for steam-raising 
on heat-economy plants is challenged by Messrs. Watson, 
Dundas and Seddon, but I cannot agree with their 
view. Either the cost of bought power must be com¬ 
pared with the cost at which it is possible to generate, 
or the comparison must be on a thermal basis pure and 
simple, the cost of bought power being added to the 
cost of steam-raising for heating. If this latter course 
were easy it would be the better way, but I fear that it 
would prove a shock to many manufacturers now on a 
public supply. 

Trained staffs, —^Mr. Medlyn spealcs of the risk of 
operating without a trained electrical staff, but let us 
consider the evolution of the works-driving layout. 
In the old days with a mechanical drive an engine 
tender lubricated the engine by hand, the maintenance 
in general being in the hands of the works engineer. 
If motors were installed and a public supply taken, 
either the worl;^ engineer or a labourer looked after 
them, or, if the installation were sufficiently large, a 
works electrician. In any case the wages of such staff 
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do not affect the cost per unit of the public supply. 
If a firm generates its own power, surely the addition 
of one or two dynamos does not necessitate a trained 
staff. An up-to-date dynamo requires no more main¬ 
tenance than an average motor. 

Maintenance. —^As Mr. Watson points out, the battery 
maintenance in the one case quoted had been omitted. 
This has now been added. 

Insurances. —^The insurances given in the paper were 
for boilers and engines, not motors, as they are common 
to both supplies. 

Depreciation. —In reply to Mr. Medl 5 m, all the ex¬ 
amples quoted have been worked out on the common 
basis of 10 per cent, i.e. 6 per cent interest and 6 per 
cent depreciation. 

Local rates. —Mr. Watson refers to the lack of allow¬ 
ance for local rates. These were purposely not referred 
to in the tables given, because it is difficult to see how 
they would affect the case. To replace an old power 
plant with a new one is different from installing a new 
power plant as an extension to a power station existing 
solely for generating power. I am not aware that any 
reduction is made in the local rates if a works scraps 
its own power plant and purchases power. 

(3) General comments on the various types of justifiable 
sm^ll power plant described in the paper^ 

[a) Water. —^Mr. Watson's remarlcs on the possibilities 
of power in the flow of the Irwell as shown from the 
records taken are extremely interesting. This is just 
one of probably at least a hundred similar rivers avail¬ 
able in this country. 

I entirely agree with Mr. Frith in regard to the diflft- 
culties which arise in attempting to make use of water; 
sooner or later compulsory powers will have to be 
provided for this purpose. 

(&) Air. —Since the paper was written there have 
been some interesting developments on the Continent 
in this respect. The new knowledge of the air forces 
attained in the perfection of the aeroplane, coupled 
with the development of automatic switchgear, un¬ 
doubtedly open possibilities for interesting advance in 
this respect. 

(c) Heating and process steam. —In •the case of the 
paper mill, Mr. Medlyn refers to the fact that there is 
no provision in the operating costs for the handling of 
560 tons of coal. This appears to be a great deal, but 
it is only about 2 per cent of the coal handled at the 
boiler-house of this mill. The coal is dumped by a 
wagon tipper and then elevated to the overhead 
bunker. At the most a* few shillings would cover all 
the cost. Mr. Lamb, working from the ash figure, 
calculates the boiler efficiency to be 80 per cent, and 
compares that with Mr. Brownlie’s figure of 68 per cent. 
Notwithstanding Mr. Brownlie’s figures, I know at least 
two paper mills about this size in which the boiler 
efficiency with Lancashire boilers is regularly 74 per cent. 
Mr. Lamb's calculations are at fault in assuming that 
there is no combustible matter left in the 20 per cent 
ash. Actually the calorific value of Iffie coal is 12 600- 
13 000 B.Th.U. The operating conditi<^n for the paper 
mill is 0*6 lb. not 5 lb. per kW as pointed ont by Mr. 


Dundas^* He, however, has not grasped the n^d 
for the 560 tons of coal charged to power; ^ it is not 
that the demand for power is greater than tiie 
demand for heating, but that a liberal allowance is 
made for steam which is lost by condensation, etc., 
in the prime mover and which is therefore not avail¬ 
able for heating. 

The remarks by Messrs. Baker, Baldwin, Elliott and 
Pain on the question of heat economy are much to the 
point. These gentlemen speak with practical experi¬ 
ence of the operating results of such stations in all 
classes of industry, and whilst it might be said that some 
of them, being connected with the manufacture of 
engines, are biased, the same remark applies equally to 
the criticism of the various supply engineers. 

Mr. Elliott’s remarks, coming from one with con¬ 
siderable operating experience of back-pressure power 
plants, are extremely interesting. It will be noted that 
his comments on the capital and operating costs for the 
bleach and dye works are that the capital cost is too 
high and that the operating costs are near the mark 
but liberal. 

As Messrs. Baldwin and Pain point out, there surely 
cannot be any case for argument when the power 
station average efficiency to-day is of the order of 12 to 
20 per cent or so for the latest super-power station, yet 
a small heat-extraction station can run at 60 to 60 per 
cent efficiency, 

I entirely agree with Mr. Pain’s suggestion that 
private plants to operate on these lines should receive 
similar encouragement to the super-station ; sooner or 
later the point will have to be dealt with. If a tithe 
of the expenditure now being incurred on many of the 
post-war so-called improvements were spent on such 
lines the improvement in the country’s national operating 
efficiency would provide a handsome return. 

Mr. Baldwin mentions the objection of workers to 
any change in their operating system. This is very 
often met with. Numerous cases have arisen of objec¬ 
tions, for instance, to the direct use of exhaust steam 
for cooking; tact in introduction and a carefully 
thought-out layout are essential in the starting-up of 
such plants. 

The public institution described by Mr. Rothwell is 
typically a case for a heat-extraction plant, yet it is 
somewhat surprising to find the Ministry of Health now 
look with disfavour on such equipments, presumably 
owing to pressure being put on them to support the 
public supply undertaldngs. 

(d) Power plants operating from process refuse .—^The 
principal case discussed is the typical s2w-mill instal¬ 
lation quoted on page 899. Mr. Watson, who knows 
the installation quoted, is in cordial agreeijient. 

Messrs. Medlyn, Lamb and Robertson have endeav¬ 
oured to show that this installation would far better 
have been left to operate from the public supply^ the 
primary objections raised being:— 

(i) That there is so little difference in the costs of 

generated and bought power. 

(ii) That no allowance is made for the stand-by 

supply in the operating costs. • 

♦ This figure has since been corrected. 
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That no allowance is made for handling the refuse, 
(iv) That if the public supply has been installed, the 
refuse could have been sold and additional 
revenue so obtained. 

As it happens, this particular installation has been 
operating both ways. For a period of four years it 
was operating on the public supply, an old Lancashire 
boiler being retained to drive a small non-condensing 
engine of about 40 h.p. The boiler was fired with un¬ 
saleable waste refuse, helped out with coal if required. 
Since this plant has been put in it has been operating 
for years under the new system, with a 160-h.p. 
steam locomobile driving the bulk of the works, a 76-h.p. 
motor being retained direct on the town supply for 
a separate part of the works. The average actual 
operating results per year on the two systems are as 
follows:— 


Saw-mill Operating Costs, 


Bought electricity 

4 years on 
public supply 

£829 


years on 
own supply 

£444 

Stand-by charges 

— 


66 

Coal used in addition 
to wood refuse 

171 



Oil . 

26 . 


35 

Water. 

12 


15 

Labour (all engineering 
services for mills) .. 

607 


802 

Insurances (boiler) .. 

8 


15 

Maintenance .. 

35 


50 

Value of waste sold :— 
Firewood ., 

£1 688 

£40 

£93 

£1 427 

Sawdust 

£523 

£548 



- 563 


641 

Net cost 

£1125 


£786 


It will be noted that when operating on publicisupply, 
owing to the inefficient way of burning the refuse, in 
addition to burning as fast as a man could fire, working 
hard all the time, a considerable amount of coal had 
to be bought. The value of refuse sold since the private 
plant was put in is greater than the refuse sold when 
the public supply was used. The only extra labour 
required has been the addition of an engine tender to 
look after the engine. 

The figures for electricity include stand-by electricity, 
and are worEed out on to-day*s basis rate per unit. 
On page 899 the outlets through which this refuse 
can possibly be sold are indicated. There is only a 
limited demand for the bulk of the refuse produced, 
i.e. sawdust. Much of the refuse produced in wood 
manufacture is entirely unsaleable, and many works now 
operating on public supply have a boiler fired simply 
to get rid of this refuse, and make practically no use 
of the steam so raised. The handling of the refuse 
does not enter into the question; it is impossible to 
operate the mill without handling the refuse, whether 
the supply is jJublic or private. 

Mr. Robertson mentions the great amount of ash 


produced when burning wood refuse, and suggests 
that the. best way is to mix it wit£ cinders, coke or other 
material. M 3 ^ experience is that this is entirely wrong ; 
there is remarkably little ash from burning straight 
wood refuse, and what there is is an excellent fertiliser, 
being specially suitable as a reviver for golf putting 
greens and grass lawns. To mix it with a hard fuel 
such as coke, breeze or cinders is most inadvisable. 
The whole secret of burning wood refuse lies in the 
design of the furnace; it is utterly impossible to do it 
in the ordinary fire-tube boiler or even in an extension 
furnace in front of it. The method employed in the 
plants quoted is to have a large underground step-grate 
furnace, where the refuse is fed in at the floor level, 
dries on the upper steps of the grate, and is tlien 
gradually pushed down into the fire zone and con¬ 
sumed, only the flames and hot gases passing through 
the boiler. 

The grate area of the 160-h.p, plant quoted is 27 sq. ft., 
and the boiler pressure 174 lb. per sq. in.; the steam is 
superheated to a total temperature of 660* F. 

(e) Waste-heat boilers, —^Messrs, Frith and Baldwin 
comment on the manner in which power can be produced 
by waste-heat boilers. There have been many fine 
plants installed on these lines but, having no personal 
experience of them, I only lightly touched on the 
subject. 

With regard to blast-furnace gases and gas engines or 
steam turbines, there are of course advocates for each 
method; my experience is that the apparently lower 
thermal efficiency of the boiler and turbine is more than 
counter-balanced by the greatly reduced maintenance 
and labour operating costs. 

(/) Household and town refuse, —I agree with Mr. 
Watson that many of the installations installed in this 
country have been complete failures, but I would 
suggest that if such plants were re-developed on 
present-day lines, bearing in mind the various ways 
(apart from production of steam) in which such plants 
can produce revenue, there would be more done in 
that respect. In Germany there have been some 
very striking developments on these lines in the past 
few years. 

(g) Simple self-contained power stations, —After care¬ 
fully reading the remarks made by various speakers 
on this type of plant, I am more than ever convinced 
that there is a very strongly debatable case for 
the straight power station in many instances—either 
as a private plant, or as a public supply operating 
against the public power station. In the case of the 
private plant, such an installation can generally be 
installed to operate at a far better load factor than the 
average central station can hope for. Mr. Robertson 
speaks of a possibility of operating at about 2d. per 
unit; if such a figure were divided by 2 or 3 it 
would be nearer the figure which is actually being 
obtained. 

For a small public supply station the bugbear of low 
load factor would doubtless apply, but, as already indi¬ 
cated in my reply, the developments in economy of 
small power units during the past few years have been 
remarkable, ar^* it is quite impossible to make any- 
comparison on plants dating back even a few years. 
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Finally, I would ^ain emphasize the conclusions 
mentioned in the paper. If small power plants are to 
be successful, when being installed they must be regarded 
as one part of the complete operating equipment of 
the factory, with just the bare necessities required for 
producing the quantity of power called for. no elaboration 
on buildings, switchgear, duplicate plants and pipe lay¬ 
outs being aUowed. In operation the plant should be 
given a chance to operate as it is designed to operate. 


i.e. with the minimum of attention. I would particularly 
draw attention to the remarks made by several speak^ 
with regard to tramed technical staff and the like. To 
go on these lines is courting failure. Prime movers as 
designed to-day will operate with the minimum of human 
attention, ^d there is absolutely no need, just because 
a d 3 mamo is connected to the engine, to encourage the 
development of staffs on the hues of miniature central 
stations. 


PROCEEDINGS OF THE INSTITUTION. 


728th ordinary MEETING. 19 MARCH, 1926. 


(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m. 

Ihe minutes of the Ordinary Meeting of the 
6th March, 1926, were taken as read and were con¬ 
firmed and signed. 

Messrs, E. S. Ritter and E. S. Shoults were appointed 
scrutineers of the ballot for the election and transfer 
of members, and, at the end of the meeting, the result 
of the ballot was declared as follows :— 


Elections. 


Associate AT embers, 

Bainbridge-Bell, Labou- Caldwell, Athol Ceadric A. 

chere Hillyer, B.A. B.E. 

Ball,. Hereward Thomas S. Hall, Eustace, 

Blackman, Thomas Main- Ullrich, Edward Hill, B.A. 
waring. 

Graduates. 


Bowler, Frank Colman, 
B.Sc. 

Cameron, Alexander 
Robert, B.Sc. 

Chambers, Edward 
Andrew. 

Clarke, Albert Stanley. 
Clarke, Arthur Roy. 
Davies, Edward Gordon, 
B.Sc. 


Goodier, William Richard. 
Miller, David, B.Sc, 
Minter, Robert William. 
Murray, Ian Norman, 
B.Sc. 

Parsons, Enoch Herbert. 
Prickett, John Howard. 
Sandys, George Henry. 
Sard, Percy John. 
Williams, Fred. 


Students. 


Adams, James Lewis M. 
Anderson, Ernest William. 
Anderson, John Rupert. 
Andrews, Desmond. 

Avery, Richard Leslie. 
Baird, Robert William. 
Barrett, Reginald James, 
B.A. 


Bassett, Frederick Joseph. 
Beaver, Roland Victor. 
Bevan, Gilbert William, 
Black, John Arthur. 
Brassington, Edgar George, 
Brooks, John, 
Buckingham, Herbert 
^ Betts. ^ 


Students —continued. 


Buckle, George William V, 
Bullard, Horace Charles F. 
Burdick, Robert Harry. 
Calvert, Paul John. 
Charlton, Walter Winlow. 
Chatterjie, Hemen. 

Cliff, James Stanley. 
Coleman, Walter Robert. 
Copeland, Robert. 

Daniels, Frederic William. 
David, Trevor. 

Dorte, Philip Hoghton. 

’ Dunn, Wilfrid Kenneth. 
Edwards, Norman. 

Eunsoii, John. 

Evans, Frank. 

Fitt, Cecil George. 
Freeman, Charles Davis. 
Gajjar, Harivaden Chima- 
ulal. 

Gerard-Boulton, Arthur. 
Gillitt, Richard. 

Gosland, Leslie. 

Graham, John Aidan I. 
Gray, Reginald Arthur G. 
Grove, Peter Fayle, B.A. 
Harbridge, Alfred James 
W. 

Hart, Donald Alfred. 

Heelis, Arthur James. 
Hirons, John William, 
Howarth, Sydney, 

Howton, Sydney Charles. 
Hunter, John, 

Ife, Harold James. 

Johnson, Percival Leigh. 
Jolly, Thomas Herbert, 
R.H, 


Jones, Howard Edward. 
Keogh, Hubert Hedigan S. 
Lambert, William. 

Linley, Frank. 

Lipscomb, Robert. 
MacAlister, Alexander 
Frederick. 

McDouall, Patrick 
Sutherland. 

Mayes, Guy Noel H. 
Metcalfe, Sidney. 
Middleton, Williamjohn B. 
Morris, Alfred James. 
Morris, John Common. 
Mounliort, Louis Vincent. 
Moyes, John Edwin A. 
Netherwood, Reginald. 
Oddy, George Naylor. 

Ord, Thomas Charles, 
Osman, Abdelsalam 
Ahmed. 

Palin, Frederick James. 
Parrott, Thomas Henry.. 
Patel, Motilal Lallubhai. 
Payne, Charles Ernest. 
I^eggs, Eric^ercy G. 
Rendle, Harold Barton. 
Rickard-SmithjHugh John. 
Roynon, Frank Goodner. 
Rushton, Eric, B.Sc. 
Sabaretnam, Charles 
Victor W. 

St. George, Reginald 
Graham. 

Scott, Edward Chalmers. 
Shackleton, Herbert. 

Sliaub, John Frederick H. 
Smith, Frederick Wilce. 
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Students —continued. 


Smith, Wilfrid Cyril. 

Spiller, Richard Lucien. 
Stirrat, James. 

Strong, Albert Edward, 
B.Sc.(Eng.). 

Thomson, George. 

Tiffin, James E 3 mon. 
Turner, Aji:hur Cecil. 

Young, 


Turner, John. 

Webber, Francis Douglas. 
Webber, William Rudston. 
White, Kenneth. 
Wilkinson, Kenneth James 
R. 

Wimshurst, James Allan. 
Wise, John Boles. 

Robert. 


Transfers. 


Associate Member to Member. 


Bartram, William Francis 
B. 

Carey, Theophilus Mat¬ 
tingly. 

Hughes, Aubrey Everard, 
M.C., B.Sc.(Eng.). 


Kissel, Frederick Temple¬ 
ton M., B.Sc. 
Macpherson, Hugh. 
Parrott, Reginald George. 


Graduate to Associate Member. 

Francis, Thomas George, Morcom, Herbert Geoffrey, 
B.Sc. B.Eng. 

Lucas, Herbert James. 

Student to Associate Member, 

Harris, Valentine Arthur, McVie, Allan, B.Sc. 
B.Sc.Tech. 


Associate to Associate Member. 
Johns, Morgan Jones. 


Student to Graduate. 


Alikins, Arthur Warring¬ 
ton. 

Brown, Vance Auberon, 
B.Sc.Tech. 

Charles, Edward Kay. 

Damp, John William. 

Dani^el, Thomas Ernest, 
B.Eng. 

Downing, Herbert Edward. 

Ethelston, Simon, 

B.Sc. (Eng.). 

Eversfield, Henry Thomas 
L. 

Gibson, Henry Joseph, 
B.Sc. 

Ginno, Sidney Charles. 

Hambleton,Cirarles Ernest. 

Ward, Mark) 


Hawkins, Raymond Cecil. 

Mukherji, Debkinker, 
B.Sc., B.Eng. 

Palmer, William Thomas, 
B.Sc. 

Parr, Geoffrey. 

Patrick, Ernest Reginald, 
Ph.D. 

Petch, Herbert Stanley, 
B.Sq.(Eng.). 

Pilkinton, Denis Fielden, 
B.Sc.Tech. 

Smith, William Monro. 

Spence, Harold Cruick- 
shank. 

Stahl, Henr)?^ Cecil. 

Steele, William Herbert. 

B.Sc. (Eng.). 


The President: My next duty is a very pleasant 
one. We are here to-night to do honour to Sir Joseph 
Thomson by presenting to him the Faraday Medal of 
the Institution. Before making the formal presenta¬ 
tion I shall ask Dr. Eccles to say something about the 
scientific work of Sir Joseph Thomson. 

Dr. W. H. Eccles : This Institution has always been 
eager to acknowledge its debt to men of science, 
perhaps because many of its members have been 
devoted both to science and to engii^ering, or perhaps 


because application follows science more quickly in 
electrical than in any other branch of engineering. 
In our subject the theory of to-day becomes the 
practice of to-morrow, and in a few years the laboratory 
experiment becomes the essence of great industries, 
involving the expenditure of hundreds of thousands of 
pounds and affecting the well-being of millions of people. 
It is probably for all those reasons that the Council, 
in establishing the Faraday Medal, made it available 
not only to engineers but also to men of science. The 
name of Faraday in connection with this Medal has 
its significance. Faraday was a practical man in 
his manner of tliinking. He insisted on visualizing 
electric and magnetic fields by forming a mental 
picture of lines of electric and of magnetic force which 
by their motion or their mere presence produced the 
various effects that have been collected into his theory 
of electricity and magnetism. I Imow that the Conti¬ 
nental mathematicians and physicists sometimes gibe 
at the English method of thinking about abstract 
things by aid of a working model, but the fact is that 
the engineer, whether he be foreign or native, finds 
the conception of lines of force exceedingly useful and 
designs electrical machinery by aid of that conception. 
In due course, after Faraday, Maxwell produced his 
mathematical theory, and he was followed closely by 
J. J. Thomson, this year’s recipient of the Medal. If 
we look at some of Thomson’s writings of 36 years 
ago, and especially if we open the pages of his 
'* Mathematical Elements of Electricity and Magnetism ” 
on which many of us were nurtured electrically a 
generation ago, we can see that he was not only an 
interpreter of Maxwell but also a follower of Farad aj^ 
because throughout that book the conception of lines 
of force at rest and in motion is the keynote. After 
the '' Mathematical Elements ” came ” Recent Re¬ 
searches,” tlie most famous of all electrical books in 
the generation which followed Maxwell. Tliesc inter¬ 
pretations of Maxwell and of Faraday in the practical 
spirit which appeals so strongty to tlie electrical 
engineer might be enough to justify our Institution in 
conferring this medal upon Sir Joseph Ihomson. But 
I think it is not only because he is a descendant of 
Faraday in tlie electrical sense that the Council thought 
of tendering him this honour. His original papers, 
spread over the past 30 years, have been so far-reaching, 
were so full of new calculations, new experiments and 
new speculations, that they have had profound effects 
on electrical thought, electrical practice and electrical 
discovery. Discovery ” I might define as the explora¬ 
tion of the unknown. We, as an Institution, are not 
interested in that directly. We are interested more in 
application and invention; but discovery is the raw 
material of invention and application. If there were 
no discovery in electrical science, then this Institution 
and the electrical industry would stagnate. The 
fact that Sir Joseph Thomson can rank as a great 
discoverer need not be elaborated. If.I were asked 
to name only two or three of his great discoveries I 
should say that a principal one is his conception of 
electromagnetic mass—^the electromagnetic inertia of a 
moving ch^ge^;That was the starting point of the 
revolutioi^ in electrical thought which culminated in 
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Einstein’s work. Again. Sir Joseph was certainly 
the first to realize the importance of the electron, and 
having realipd it, he breathed into liis students at 
the Cavendish Laboratory inspiration and energy 
which provoked the admiration of the world and pro¬ 
duced another revolution of another kind in e.xperi- 
mental physics. A further series of papers whidi 
excited very great attention some 20 years ago were 
those in which he showed how, from the electron 
theory of the atom, many of the chemical properties 
of matter can be deduced. I am leaving out quite a 
number of great conceptions, such as that of positive 
ray analysis; but I have mentioned those discoveries 
which I think will convince the members that in his 
funda^ntal work on the physics of the universe, 
J. J. Thomson has made himself an immortal name 
which will splendidly sustain the lustre of the growing 
roll of Faraday Medallists. 

The President: I think that it is fitting that I 
should say just a few words in regard to the Faraday 
Medal. The Faraday Medal of tliis Institution was 
founded m 1921 to commemorate the 60th anniversary 


of tlie first meeting of the Society of Telegraph Engi¬ 
neers. The Medal is awarded by the Council either 
for notable scientific or industrial achievement in 
electrical engineering, or for conspicuous service rendered 
to the advancement of electrical science, without 
restriction as to nationality, countrjr of residence or 
membership of the Institution. The Medal has been 
awarded before to-night on three occasions—on the 
first occasion to the late Mr. Oliver Heaviside, on the 
second occasion to the Hon. Sir Charles Parsons, and 
on the third occasion to Dr. S. Z. de Ferranti. I now 
have very great pleasure in asking Sir Joseph Thomson 
to accept this Medal and this certificate commemorating 
the award. 

The President then pr'esented, in the name of the 
Institution, the Faraday Medal to Sir Joseph Thomson. 

A paper by Mr. S. Evershed, Member, entitled 

Permanent Magnets in Theory and Practice " (see 
page 726), was read and discussed and, on the motion 
of the President, a vote of thanlts to the autlior was 
carried with acclamation. The meeting terminated at 
7.65 p.m. 


46th meeting of THE WIRELESS SECTION. 1 APRIL. 1926. 
IHeld in the Institution Lecture Theatre 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 4th March, 1926, were taken as read and 
were confirmed and signed. 

A paper by Major A. G. Lee, M.C., B.Sc., and Mr. 


A. J. Gill, B.Sc., Members, entitled “The Ty»afip1d 
Coupled Arc” (see page 697), was read and dis¬ 
cussed. 

On the motion of the Chairman a vote of thanlis to 
the authors was carried with acclamation, and the 
meeting terminated at 7.86 p.m. 


729th ordinary MEETING, 2 APRIL, 1925. 
(Held in the Institution Leeture Tlieatre. 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m. 

Tlie minutes of the meeting of the I9th March, 1926, 
were taken as read and were confirmed and signed. 

A list of candidates for election and transfer approved 
by tlie Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 
page 423) was taken as read and the thankc of tlie 
meeting were accorded to the donors. 


A paper by Messrs. G. W’ilkinson, Member, and 
R. McCourt, entitled “Electricity Supply Tariffs: 
Their Simplification by Discrimination ” (see page 860), 
ai^ a pa^ by Mr. H. M. Sayers, Member, entitled 
Electricity Supply Tariffs " (see page 846), were read 
and discussed. 

On the motion of the President a hearty vote of 
thanks was accorded to the authors, and the meeting 
terminated at 7.66 p.m. 


730th ORDINARY MEETING, 23 APRIL, 1926. 
(Held in the Institution Lecture Theatre.l 


Mr. W. B. Woodhouse, President, took the chair at 
6 p.m. 

The imnutes of the Ordinary Meeting held on the 
2nd April, 1926, were taken as read aj»d were confirmed 
and signed. 


Messrs. T. A. St. Johnston and A. Travers w'ere 
appointed scrutineers of the ballot for the election 
and transfer of members and, at the end of the 
meeting, the result of the ballot was declared as 
follows:— 
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Elections, 

Members, 


Students —contirpied. 


Greenham, George Frede¬ 
rick. 


Baker, Eustace Elwell. 
Benjamin, Henri Lionel, 
B.E. 

Boys, Geoffrey Vernon, 
B.A. 

Clark, Richard Michael, 
B.Sc.(Eng.). 

Edgeworth, Kenneth 
Essex, Lieut.-Col. 


Mercer, Charles James. 
Parker, William. 


Fraser, Duncan Menzies, 
B.Sc.(Eng.). 

Pasricha, Brij L^. 

Roe, William Bagley. 
Shelley, Herbert Jolin, 
B.Sc. 

Watson, John Henry. 


Miller, John Morrison, 
B.A. 

Mills, Arthur Kymer. 
Moore, Ronald Frank. 
Muscutt, John. 

North, Howard Frederick. 
Offord, William John. 
Oliver-Bellasis, Richard, 
Lieut. R.N. 

Paton, Stuart Henry, 
Lieut. R.N. 

Pellow, Charles HenrJ^ 
Pierce, David Francis. 
Range, James William. 


Rissik, Hendrik. 

Rudge, Frederick William. 
Rutter, Gordon. 

Sands, Philip Cooper. 
Ste^vard, Stanley Feargus. 
Stuart, Peter Alexander R. 
Towers, Herbert Cecil. 
Turner, Harold. 

Turner, Harold Mortson. 
White, Henry George R. 
Wilson, William Henry. 
Wright, Frank Coram. 
Wright, Frederick. 

Yeo, Reginald Arthur. 


Associate Members, 


Graduates, 


Transfers. 


Aldis, Reginald Fred. 
Ashton, Thomas James. 
Brant, William. 

Brown, Gilbert Alexander 
M. 

Davies, Charles Morgan. 
Dixon, Ernest George. 
Drake, Robert Hamlyn M., 
B.A. 

Finlay, James. 

Foggo, John Johnston. 
Graham, Robert Batthews. 
Hanks, Harry. 

Hughes, John Joseph. 


King, Frank. 

Lawrence, Robert. 
McKinlay, Andrew. 

March, Clifford. 

Morgan, David Llewellyn. 
Pickford, Harold Leslie. 
Richardson, Ellis Matthew. 
Taylor, Edward Abraham. 
Turner, Wilfred Charles. 
Wiggins, Ethel Reynell 
(Miss), B.A. 

Winter, Harold. 

Woodcock, Herbert 
William. 


W’'urm, George Louis. 


• Students, 


Airey, Frank. 

Barker, John. 

Barker, Reginald Walter. 
Barry, Frank Cecil N. 
Bonsey, Thomas Harold Y. 
Brackenburg, Charles 
Hereward, B.A. 
Bucknall, John Thomas. 
Bullimore, William 
Edward V. 

Campbell, William Charl¬ 
ton, 

Carter, John George. 
Castle, James, B.Sc.(Eng.). 
Chifferiel, Gerald Ray¬ 
mond. 

Clayton, Gordon Albert. 
Corfield, David Nisbett. 
Croft, tlyla Bert. 

Culhvick, Ernest Geoffrey. 
D'Arcy, James. 


de Ville, Stanley Halse. 
Doig, Fergus Martin. 
Donovan, Walter. 

EUiot, Ernest Gerald S. 
Embrey, Thomas Jalnes. 
Ennis, Douglas Alexander. 
Garratt, Stanley Reginald. 
Green, Bertram Arthur. 
Haley, George Bnice. 
Honnor, Thomas All- 
wright D. 

Hunt, Alan Porter. 
Jackson, Sidney Bertram. 
Jenner, Clifford George. 
Johnstone, Hubert Trevor. 
Keene, Vivian Vincent. 
MacDonald, Ian Keith. 
McNab, William Black. 
Marshall, Frederick Geof¬ 
frey. 

Martin, Norman Hadlow. 


Binyon, 

M.A. 

Cross, Edward. 


Associate Member to Member, 

Basil, O.B.E., Jones, Samuel Derwen. 


Sparks, Algernon Charles. 
Trencham, Henry. 


Graduate to Associate Member. 

Clough, Newsome Henry, Gole, Sadashiv Mahadeo, 
B.Sc. (Eng.). B.Sc. 

Fagge, Arthur Kenelm, Horner, John Wooc^, 

B.Sc.(Eng.). Newbery, Arthur Frede¬ 

rick. 

Student to Associate Member. 

Anderson, Norman 


Leonard, B.Sc, 

Bolton, Leonard George, 
B.Sc. (Eng.). 


Bradford, George, M.Eng. 
Collard, John, B.Sc.(Eng.). 
Harle, James Alfred, M.Sc. 
Hasselt, Marc van. 


Student to Graduate, 


Bannister, Harold. 
Birtwistle, P'rank. 
Cameron, Kenneth Albyn, 
i B.Eng. 

I Cox, Percy Harold. 

‘ Dean, Harry Pitt, B.Sc. 

: Hunter, Norman.^ 
Lambert, George Wrake. 


Murray, John James L., 
B.Sc. (Eng.). 

Puckle, Owen Standidge. 
Robinson, Richard Ed¬ 
ward, 

Steplienson, Robert Max¬ 
well, B.Sc. 


Messrs. J. Coxon, P. Dunsheath and W. L. Wreford 
were appointed scrutineers of the ballot for the election 
of new Members of Council. 

A paper by Messrs. K. G. Maxw'ell and Allan Monk- 
house, Members, entitled '' Recent Improvements in 
the Insulation of Electrical Machinery was read and 
discussed. . 

On the motion of the President a vote of thanks to 
the authors, was carried with acclamation, and the 
meeting terminated at 7.65 p.m. 
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THE MEASUREMENT OF FREQUENCY AND ALLIED QUANTITIES IN 

WIRELESS TELEGRAPHY. 


By Lieut.-Col. K. E. Edgeworth, D.S.O., M.C., Royal Signals, and 
G. W. N. CoBBOLD, M.A., late R.E., Associate Member. 


[Paper first received llth 


November, ani,in final form 2ird Decemher, 1924; read before the Wireless Section 
4th March, 1925.) 


Summary. 

It has bsen customary during the past three decades to 
'define the oscillation-frequencies of " wireless in terms of 
the lengths^ in metres and kilometres, of the corresponding 
ether waves. ® 

During the past few years there has arisen a tendency to 
abandon the indirect definition and to state the frequencies 
themselves, in cycles per second or in kilocycles per second. 

The paper suggests as a further alternative the description 
of frequencies in terms of pitch,** a term which is defined 
as a relationship of the particular frequency to some standard 
frequency. 

The proposed standard is the frequency of 1 cycle per 
second, and the relationship suggested is such that the 

pitch'* is a logarithm of the ratio between these 
frequeficies. 

Some of the possible advantages of the use of " pitch ** are 
described, and particular emphasis is laid on the advisabiUty 
of emplo 3 dng it in the case of very short waves. 


We owe a great debt of gratitude to the pioneers of 
electrical theory for the care with which they selected 
and defined the important fundamental units employed 
in all branches of electrical science. The same funda¬ 
mental units provide the basis for all measurements in 
weless telegraphy, but the very rapid development 
of tlto last-named science has necessitated considerable 
additions to existing nomenclature, and many new 
terms and units have sprung into existence. It is not 
surprising, therefore, that experience is showing that 
some of these new terms and units are not entirely 
convenient. ^ 

The emplo 3 mient of tlie expression "wave-length" 
to describe not only the actual wave-length of the 
disturbance in the ether but also the frequency of the 
corresponding oscillations which occur in closed circuits, 
was a natural development, but by no means a logical 
one. It is now being suggested that to measure fre¬ 
quency in cycles per Second or kilocycles per second 
provides a more appropriate and convenient standard 
than to measure wavelengths in metres or kilometres. 
It seems, tlierefore, to be a convenient opportunity for 
inquiring whether cycles per second and kilocycles per 
second really furnish the final and most appropriate 
solution, or whether other alternatives do not merit 
examination. 

In this connection it is interesting’ to note that the 
problem of standardizing and cornparing frequencies 
is a very old one, which reached a high degree of perfec¬ 
tion in the art of music many centuries befcre wireless 


tele^aphy was thought of. It seems worth while 
considering whether the new science of wireless tele¬ 
graphy might not profit by the teachings of previous 
experience. 

In the ^t of music it is not customary to compare 
notes of different pitch by means of frequency measure- 
mente in cycles and kilocycles per second. Their 
relationship is expressed in terms of the " interval "■ 
between them, which is measured in octaves or fractions 
of an octave, and the object of this paper is to suggest 
that, for the purpose of wireless telegraphy also, the* 
octave may possibly be found more convenient tliaru 
either the metre or the kilocycle per second. The 
subdivision of the octave into 1 000 parts which mighf 
appropriately be described as “ milli-octaves " should! 
provide all the accuracy which is likely to be required! 
in practical work for many years to come. 

If P denote the number which we have decided to 
measure in octaves, / the frequency in cycles per second, 
and K any arbitrary basic frequency, then these quanl 
tities are connected by the equation 

/-iCx orP = log2(//K) . . . (i)v 

For the purpose of this paper it is necessary to give- 
a name to the term P in the above equation, and it is. 
proposed therefore to call P the " pitch " of the note. 

It js perhaps fortunate that the art of music has. 
never adopted an absolute standard of pitch, and it 
is therefore possible to make K unity in Equation (1) 
and thus to write :— 

/=2^, orP = log2{/) . . . . (2> 

This equation defines an absolute scale of pitch. 

For every point on the scale of frequency there is a. 
corresponding point on the scale of wave-length, and 
Equation (2) defines a corresponding point on the scale^ 
of pitch. 

Pianos are usually so tuned that the'^middle C has a. 
frequency of 256 cycles per second, and the " pitch 
of this note on the scale now proposed is therefore- 
8 octaves. 

Passing to tlie frequencies in common use in wireless 
telegraphy, a frequency of 600 kilocycles per second, 
corresponding to a wave-length of 600 m, would have 
a pitch of 18-932, and existing practice would cover 
pitches from,,say, 13 octaves (36 620 m) to 26 octaves 
(4-47 m). 

Finally it may be noted that the pitch of the light 
waves which constitute the visible spectrum extends 
from about 48 ’ 5 to 49-6 octaves. 
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system of reckoning which can include sound-waves, 
wireless waves and light waves in terms of the same unit 
without requiring for the purpose more than five figures, 
seems to be deserving of serious consideration. At the 
same time the proposed system possesses important 
practical advantages over those now in use. 

The following are the chief purposes for which units 
of wave-length, frequency or pitch are required :— 

(i) The calibration of instruments (now commonly 
called wave-meters) by means of which each transmitter 
can be adjusted to the wave-length, frequency or 
pitch desired. 

(ii) The allocation of selected wave-lengths, frequencies 
or pitches to particular transmitting stations. 

Some wave-meters are so constructed that a switch 
enables the normal readings to be doubled. With such 
instruments, unless two scales are provided, the operator 
must make a mental calculation to interpret any reading 
on the higher scale. 

If measurements of pitch are employed, no such 
complication arises. The two positions of the switch 
are marked 17 octaves and 18 octaves, or whatever it 
may be, and a single pointer indicates fractions of 
an octave on a single scale. Regarded as a pitch- 
meter the instrument reads from 17 octaves to 19 
octaves on the absolute scale of pitch. 

Strictly speaking, the instrument is neither a wave- 
meter nor a pitch meter,** but a frequency meter. 
The well-known relation connecting frequency and 
wave-length enables us, however, to graduate the scale 
in metres and to regard it as a wave-meter. In a similar 
manner, the relation between pitch and frequency defined 
by Equation (2) enables us to graduate the scale in 
octaves and to regard the instrument as a “ pitch meter.** 

The allocation of frequencies to particular stations is 
usually governed by the need for avoiding interference, 
and the actual difference in frequency which must be 
provided for depends upon a number of different factors. 

These factors belong to two t 3 q)es, the first involving 
an allowance of a certain fixed number of cyc^s per 


second, whilst in the second the ^lowance to be made 
is proportional to the frequency. The presence of side¬ 
bands due to the modulation in radio-telephony requires 
an allowance of the first type, but the other factors met 
with in wireless practice are usually of the second type. 

It is evident that the importance of factors of the 
first type diminishes as the frequency increases, and 
that factors of this type can be neglected altogether 
in the case of very short waves. Under such conditions 
the emplo 3 mient of pitch rather than frequency simplifies 
the necessary calculations, because equal percentage 
differences of frequency are simply equivalent to equal 
increments of pitch, A change of 10 milli-octaves 
(0 *010) in pitch is equivalent to a 0 • 71 per cent difference 
in frequency, a change of 30 milli-octaves (0‘030) in 
pitch to a 2* 1 per cent difference in frequency, and so on. 

To take a practical example, suppose that it is desired 
to allot frequencies between 250 and 500 kilocycles 
per second with successive differences of 2 per cent 
and that the instrument available is graduated into 
125 divisions, each of 2 kilocycles per second. Owing 
to the form in which the scale is necessarily subdivided, 
successive differences must be 6, 8 or 10 kilocycles per 
second, and it is impossible to avoid considerable de¬ 
partures from the desired 2 per cent difference in certain 
parts of the scale. 

If, however, an instrument is graduated in octaves, 
100 divisions will suffice and a change of pitclf of 30 
milli-octaves (0*030) will give the required result with 
absolute uniformity over the whole scale. 

Recent work on wave-lengths below 100 m suggests 
that the use of such wave-lengths is likely to increase 
rapidly in the near future, and tliis fact lends additional 
weight to the above argument. 

The authors would like to suggest that an absolute 
scale of pitch provides the most convenient method of 
defining frequencies over 3 000 kilocycles per second, 
i.e. of defining wave-lengths under 100 m, and they 
would urge that the method should receive the serious 
consideration of wireless engineers. 


Discussion before the Wireless Section, 4 March, 1926. 


Lieut.-Gol. H. P. T. Lefroy: To estimate the 
practical value of the unit which the authors propose 
to introduce, its use should be considered from two 
different points of view, namely, (a) that of the user 
of radio apparatus, and (b) that of the designer of radio 
apparatus. As regards (a), a few years ago 100 m was 
about the minifiium wave-length in normal use, whereas 
any wave-length down to about 1 m may now be used 
in practical ^adio communication. The band of fre¬ 
quencies available between 40 000 m and 100 m is only 
1 per cent of the band available when wave-lengths 
down ,to 1 m axe used, so that, for this and other well- 
known reasons, wave-lengths between 100 m and 1 m 
will be used for most of the future radio communi¬ 
cation. It is, felt by many of those who organize, 
control and operate radio communications that both 
wave-length and frequency ^e inconvenient units, for 
several reasons,particularly for wave-lengths between^ 
100 m and I m: for them the new unit proposed by 


the authors has several advantages and should be given 
careful consideration. As regards (6), if the unit pro¬ 
posed by the authors is introduced, then no relation 
between that unit and the CL value of a circuit could 
be calculated without the use of logarithms, which 
would be very inconvenient, whereas, when using wave¬ 
length or frequency as units, the designer can now do 
such calculations without reference to tables. The 
authors* proposal would have more disadvantages than 
advantages for the designer of radio apparatus. 

Captain T. G. Hodgkinson : The use of ratios to 
determine scale positions must appeal to all music lovers, 
although the audible frequencies occupy such a small 
portion of the known scale. The selection of one cycle 
per second as a unit gives lower frequencies than this 
negative ** pitch,** a point of interest to some people; 
engineers, howevej, are not so essentially concerned 
with frequency and wave-length as they are with the 
angular velocity of the periodic disturbance (I believe 



EDGEWORTH & GOBBOLD : MEASUREMENT OF FREQUENCY, ETC,: DISCUSSION. 921 


that. Prof. Perry firs^ called it " speed **), and the unit 

oinega (one radian per second) would make a very 
useful unit for the system of logarithmic division. The 
octave, however, has no exaggerated significance in radio 
work beyond the fact that it is frequently more promi¬ 
nent than other overtones, and the use of the common 
logarithm of the angular velocity rather than the loga¬ 
rithm to the base 2 of the frequency saves appreciable 
arithmetical work in the conversion of units. The use 
of the tenth harmonic in this way has all the advantages 
of the octave system outlined by the authors, and 
incidentally deals with the side-band type of allotment 
factor (by adding logarithms of consecutive whole 
numbers to the log of a velocity width, including the 
side-bands) as easily as with percentage difference 
factors. In the wave-meter problem it is not more 
difficult to add 0*3 to the mantissa of a logarithm than 
to add one to the characteristic in order to double the 
frequency of the authors' wave-meter, and the third 
decimal place gives a subdivision of 0*23 per cent. 
The logarithm of the angular velocity is an exceedingly 
useful figure to bear in mind, as it prevents slips in 
arithmetical work. The question of a name for such 
a logarithm does not arise, but a method of distinguishing 
between the common and Napierian logarithms would 
be to call the logarithm of 10 units of angular velocity 
one “ Brigg," and do honour to a distinguished mathema¬ 
tician.* Sub-audible velocities would range to 2*4: 
Briggs, audible velocities from 2-4 to 5, radio velocities 
from 5 to 9, visible light of the order of 15*5, and the 
velocity of the shortest gamma rays would be 20-726 
Briggs. 

Mr. R. V. Hansford : Although I should like to 
congratulate the authors on the ingenuity with which 
they have devised a new unit, I cannot see what advan¬ 
tages would follow its adoption. As regards the scale 
on a wave-meter, it is the type of the instrument which 
decides its utility, and the alteration of a scale of “ wave¬ 
length " or " frequency " into an even scale of pitch " 
will not improve the range or accuracy of the instrument, 
and to read in terms of an absolute scale of pitch would 
appear to be of no more value in practice than to read 
ordinary temperatures on an absolute scale of tempera¬ 
ture. The authors speak of the mental calculation 
necessary in order to multiply by 2, but I should prefer 
this mental calculation to that of finding the voltage 
across a particular condenser when I was using 16 
'' pitches." The point I wish to make is that at some j 
stage the use of frequency is essential. Therefore, why 
complicate matters by another unit which is merely 
a function of frequency ? As regards the 2 per cent 
difference to which the authors refer towards the end 
of their paper, they assume that it will be desirable to 
calibrate from 250 to 500 Idlocycles in successive differ¬ 
ences of 2 per cent. I do not think we have any reason 
at present to suppose that the use of the higher 
frequencies will result in their allocation by percentage 
differences rather than arithmetical differences of 
kilocycles as at present. If it does so, one of the great 
anticipated advantages of the use of short waves will 
have been lost. ^ 

Major C. J* Aston : As the question of the use of 
wave-lengths, or cycles per second or pitch, is one 


which affects the user, I should like to appeal to the 
Press to inaugurate a discussion covering the wlible 
world (including America, France, Germany, etc.) on 
this problem. It is not a matter which affects England 
only, or this Institution only. Previous speakers have 
referred to possible difficulties that will be introduced 
in the design of apparatus by the adoption of this 
system on account of the formulas emplo 3 dng GL being 
no longer applicable. I think it will be generally agreed 
by designers that their sldll and intelligence should be 
utilized for the benefit of users who are not so capable 
or accustomed to deal with foi'mulae as are designers. 
In my opinion the objections raised by designers are 
not of sufficient importance to outweigh any advantages 
which the proposed changes may have to the user. 
I would point out that with wave-lengths longer than 
about 300 m, i.e. with frequencies less than about 
1 million per second, the absolute differences of frequency 
produced by telephonyside-bands or required for hetero¬ 
dyne reception represent an appreciable percentage of 
the wave frequency, but that on shorter wave-lengtlis 
these side-band frequencies become of less and less 
importance, e.g. on 100 m wave-length a spectrum 
of 5 000 cycles per second is only l/6th of 1 per cent 
of the wave frequency, and on 50 m wave-length 
it is onJy 1/12th of 1 per cent. It is necessary to separate 
channels of communication by more than these differ¬ 
ences to allow for errors in the adjustment of apparatus 
and on account of the variations from the true wave¬ 
length that occur in practice. In my opinion, on 
wave-lengths of the order of 100 m or less the separation 
of channels of communication must be determined more 
by percentage difference than by absolute frequency 
difference, and any proposal which will render the use 
of percentage differences easier should receive most 
careful consideration, especially in view of the growing 
use of these wave-lengths at the present time. I tliink 
that Capt. Hodgldnson's alternative to the proposal 
made by the autliors is a valuable one and I should 
like ^o see the two proposals given full publicity and 
their merits and objections discussed together. 

Dr. R, L. Smith-Rose: One instance in which the 
use of a pitch scale has provided interesting results is 
in connection with the graphical representation of the 
performance of broadcasting receivers at audio fre¬ 
quencies. For example, the amplification curve of a 
stage comprising a valve with an intervalve transformer 
is usually plotted on a scale of uniform frequencies. 
On this scale the average characteristic obtained is 
approximately horizontal for about three-quarters of 
the width of the diagram. If, howev'^r, we attribute 
equal importance to all the notes on the pianoforte, 
the characteristic curve should be plotted* on a scale of 
octaves with middle C at 256 cycles per second in the 
centre of the diagram. On such a scale the average 
transformer will be found to give a characteristic which 
is only straight for about one-quarter of the horizontal 
length of the diagram. 

Mr. E. H. Shaughnessy : If we are talking of kilo¬ 
cycles we know that the difference between, say, 18*9 
and 18'6 kilocycles is 0*4 of a kilocycle. I am not 
certain whether in the authors' method the difference 
between, say, 13 and 13* 2 octaves is the same (reckon- 
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ing in cycles) as that between 18*7 octaves and 18*9 
oct^Lves. It is very convenient to reckon in terms of 
frequencies, and unless the proposed scale of octaves 
gives us the same easy mental facilities for calculating 
absolute frequency differences it does not offer any 
advantages over the present method. 

Dr. E. T. Paris (communicated) : The use of a loga¬ 
rithmic scale is almost a necessity in cases where measure¬ 
ments involve the consideration of wide ranges of 
wave-lengths and frequencies. The particular scale 
put forward by the authors appears to be capable of 
a very wide application to physical measurements, and 
its adoption for the calibration of wireless instruments 
seems to be desirable for several good reasons.. There 
is something to be said, however, against the use of the 
word pitch " as applied to the numbers obtained by 
taking the logarithm of the frequency to the base 2. 
In music and acoustics “ pitch has a well-established 
meaning, namely, the sensation which enables us to 
assign to sounds their relative positions on tlie musical 
scale. It is analogous, to some extent, to '' colour'' 
in the science of light, and to one accustomed to the use 
of pitch in the acoustical sense it would be as 
repugnant to speak of the pitch of a light wave as 
it would be to speak of the ** colour ” of a sound wave. 
In the generally accepted sense, in fact, pitch “ has 
no meaning when applied to light waves, since the ear 
is incapable of hearing vibrations of such high frequency. 
Would it not be better to find another name for the 
number log 2 (/), and thus avoid the confusion which is 
liable to arise with the acoustical meaning of pitch '' ? 
It may be of interest to the authors to know that a 
somewhat similar logarithmic scale of pitch has been 
proposed for use in acoustical work by Harvey Fletcher 
(Journal of the Franklin Institute^ 1923, vol. 196, p. 290). 
Fletcher defines pitch by the equation = 100 logg (/). 
In this case the logarithm to the base 2 is not taken 
purely as a matter of convenience, but because the ear 
recognizes that notes separated by an octave are very 
similar sensations. Further, the factor 100 is used 
because the hundredth root of 2 is the average minimum 
interval by which two notes must be separated in order 
that they may be recognized by a normal ear as having 


different pitches. Hence a difference of unity in the 
pitch numbers of two notes means that they can just 
be discerned as giving separate pitch sensations. It will 
be seen that Fletcher's pitch scale has not been con¬ 
structed without reference to our sense of pitch, but even 
then the use of the word “ pitch " to describe the number 
P is not free from objection. The difficulty is, however, 
easily overcome by calling the numbers on Fletcher's 
scale " pitch numbers." 

Lieut.-Col. K, E, Edgeworth and Mr. G. W. N. 
Gobbold {in reply) : We should like to express our 
appreciation of the sj^mpathetic reception which has 
been given to this paper on a controversial subject. 
It is natural that everyone should test the value of 
the proposed system by considering its application to 
his own work. Our view that the proposals put 
forward in the paper would benefit the user of wireless 
apparatus rather than the designer has been confirmed 
by tile opinions expressed in the discussion. 

We agree witli Captain Hodgkinson that any 
logarithmic scale would possess the same practical 
advantages, but we contend that the scale suggested 
in the paper is more fundamental. The " user " does 
not have to enter into discussions involving the angular 
velocity of the periodic disturbance. 

W'e think that Mr. Shaughnessy has not fully appre¬ 
ciated the difference between the two types of factor 
which govern the allotment of wave-lengthsT The 
point is dealt with briefly in the paper and more fully 
by Major Aston in his remarks. A scale of pitch is 
not convenient for measuring definite differences of 
frequency such as 400 cycles, and a scale of kilocycles 
is equally inconvenient for measuring definite percentage 
differ ences. 

We sympathize wdth Dr. Paris in his defence of 
vested interests and feel that we owe him an apology 
for trespass. A good deal of thought was devoted to 
the search for suitable terms, but notliing more suitable 
suggested itself. 

In conclusion, we do not expect the proposed method 
of measurement to supersede existing methods, but 
we suggest that it possesses a sufficient field of usefulness 
to merit its adoption for particular purposes. 
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THE EFFECT OF WAVE DAMPING IN RADIO DIRECTION-FINDING. 
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{Paper received Zrd February, and read before the Wireless Section Zrd June, 1926.) 


Summary. 

For the use of ships fitted with radio direction-finders, 
schemes for the provision of beacon transmitting-stations 
are being inaugurated in various parts of the world. In 
order to minimize interference it is evidehtly desirable that 
these beacons shall work on undamped or modulated 
undamped waves, and confidence in the accuracy of direc¬ 
tion-finding when using these waves must accordingly be 
inspired in those who will make use of this application of 
wireless for navigation purposes. The present paper sum-, 
marizes the hitherto published knowledge on the relative 
advantages of damped and undamped waves for accurate 
direction-finding, and then describes some special experi¬ 
ments which have been carried out in this country on this 
particular point. It is concluded that when direction¬ 
finding •is employed at such times and under conditions 
which are Imown to produce tlie well-known “ night effects 
of variable errors in bearings and broad signal minima, 
these effects are equally likely on damped and undamped 
waves. Since the conditions under which direction-finding 
is accurate enough for marine navigation purposes at all. 
times are now well known to be connected only with the 
distance of transmission over land and sea, it is to be 
inferred that the type of transmitted wave is immaterial to 
the accuracy, and that continuous waves, whetlier modulated 
or not, may in future be used with perfect confidence in all 
cases in which the damped waves from spark transmitters 
have given satisfactory results. 


(1) Preliminary. 

At the present time the use of direction-finders 
operating upon the transmissions of,radio stations is 
largely coming into use in its direct application as an 
aid to navigation. Many countries have now estab¬ 
lished collections of direction-finding stations for the 
use of both ships and aircraft, and in the mercantile 
shipping world the number of vessels which are 
equipped with direction-finders in additiqn to their 
ordinary wireless apparatus is increasing very rapidly. 
It is intended that, in part, these ship direction-finders 
shall operate on the ordinary coast transmitting- 
stations used for ship-and-shore communication, but, 
in addition, schemes are in being for the provision of 
suitable beacon transmitters, the sole function of which 
is to provide automatic and practically continuous 
transmission for the use of ships in their vicinity. In 
these days when the problem of restricting inter¬ 
ference is one of tlie most acute in the art of radio 
communication, the possibility of theSe beacons employ¬ 
ing ''spark'' transmitters is obviously viewed with 


I some alarm. Yet among some of those responsible 
for navigation by wireless there is still a lack of confi- 
. deuce in the use of continuous waves, whether modu¬ 
lated or otlierwise, as against damped waves, on account 
of the greater liability to error when employing the 
former type. 

It will be advantageous, therefore, to examine all 
the available evidence on tlie use of continuous waves 
in direction-finding in order to understand if the 
reputed greater liability to errors is well-founded or 
otherwise. The subject was recently discussed briefly 
before the Wireless Section of this Institution, ♦ but, as 
one speaker then stated, the matter was left in an 
unsatisfactory state, and the author will attempt in 
what follows to make his views on the subject quite 
clear. 


(2) Summary of Previous Knowledge. 

A. H. Taylor t appears to have been the first to 
publish, in 1919, systematic observations taken on 
both damped and continuous waves at Washington, 
U.S.A. Using continuous waves of length from 4-0 to 
16-7 km, the variations recorded range from a few 
degrees in the daytime up to nearly 90® at night. It 
appeared to Taylor that, in general, the variations 
were greater on the longer than on the shorter waves, 
except where the transmission is over a comparatively 
short distance. For example, Annapolis (16*7* km, 
continuous waves) observed at Washington at a dis¬ 
tance of 36 miles, practically over land, showed an 
extreme variation of 10®, whereas New Brunswick 
(13‘6 km, continuous waves) at a distance of 175 miles 
showed nearly 90® variation. The only observations 
on spark transmissions referred to were made on the 
much shorter wave-lengths of 0-9 to 1*6 km, and in 
the case of Brookl 3 m on the latter wave-length a varia¬ 
tion of 30® was recorded for a distance ^f transmission 
of about 250 miles, almost entirely over land. In 
view of the object of the present discussjpn it is con¬ 
sidered interesting here to quote the concluding 
sentence of Taylor's paper. "The writer has no 
available data on continuous short-wave statioi^, but 
ventures to suggest that there is far more likelihood of 
serious deviations in the apparent bearings of such 
stations occurring tlian in the case of spark stations on 
similar wave-lengths." 


- T A. H. Taylor : “ Variation in Direction of Propagation of Long Electro¬ 
magnetic Waves,*’ Bturegu of Standards, Scientific Paper No. 353,1919. 
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In a paper summarizing a great deal of experience 
in ^direction-finding, Round ♦ in 1920 mentioi^ed the 
existence of variations at night, ranging up to 7° on 
** spark signals and exceeding 30® on continuous- 
wave signals. Expression was given to the lack of 
evidence at that time showing any increase in the 
variation with wave-length, and the discussion on the 
paper indicated the somewhat hazy state of knowledge 
of these variable errors which then prevailed. 

G. M. Wright f observed in 1920 that, in addition to 
** night effect ** being more marked with undamped 
than with damped waves, its existence is indicated 
much more frequently in the latter case by the broad¬ 
ness of the signal minimum upon which the bearing 
is observed. The simultaneous occurrence of sharp 
minima and inaccurate bearings was considered to be 
very rare on damped-wave transmissions. 

Further observations were published in 1920 by 
Kinsley and Sobey,t who made measurements on 
wave-lengtlis of 0-96 to 6*7 km from ‘'spark'* 
stations and 4*9 to 17*3 km on continuous waves. 
Variations in apparent bearings ranging up to 50® are 
recorded for distances of transmission of from 40 to 
7 500 miles. The authors' experience indicated that 
undamped waves of great length show these variable 
effects much more frequently than damped waves of 
shorter length; but since the distance of transmission 
is usually very much greater in the former than in the 
latter case they express their conclusions on this 
matter as follows: "There does not seem to be any 
reason to believe that the short-wave sparks may not, 
under favourable conditions, show distortion (i.e. 
variations) of the same magnitude as that given by 
other types of transmitters." Several examples on 
bpth damped and undamped waves of failure to detect 
any signal minimum during a rotation of the direction¬ 
finding coil through 360® at certain periods of night 
variations, are given in the paper. 

Pickard,§ in 1922, published some results taken on 
various American and two European stations, a feature 
of the results being that the bearings on the Euiropean 
stations at Otter Cliffs, Maine, U.S.A., showed a smaller 
average variation than those on the San Diego station. 
For example, the average variation of both day and 
night readings obtained during the month of August, 
1921, was 2*1® on New Brunswick, 3*8® on Nauen, 
4*2® on Bordeaux, 4*3® on Glace Bay, and 10*6® on 
San Diego. From the curves given in the paper it is 
seen that the average variation at night ranged up to 
about 12® for Nauen and Bordeaux, so that the indivi¬ 
dual variation^ must have been quite considerable. 
The chief feature of the difference in paths of trans¬ 
missions from San Diego and from Europe to Otter 
Cliffs is that^the former is entirely over land, whereas 
the latter is mostly over sea, except for the grazing 
incidence of the waves down the Atlantic coast of/ 
America. 


VO* dI’ ’ "Direction and Position Finding,” Jottrnal LEM,, 1920 

f C, Kinsley and A. Sobey; “Radio Direction-Changes and Variation 
p ^9 Proceeding of the InstUute of Radio Engineers, 1920, vol. 8 

Direction and Intensity of Waves from Europeai 
of the InstUute of Radio Engineers 


Some observations made in France by Mesny * over 
a considerable period were publwhed in 1922. These 
records showed that when using undamped waves of 
lengths 10 to 26 km the variations in apparent bearings 
at night ranged up to 90® for distances of transmission 
of 200 to 600 miles over land. No systematic error 
was evident in these cases, but when making similar 
observations on one of the American transmitting 
stations at a distance of about 4 000 miles, mostly 
over sea, a systematic error of 6® was found and the 
variations about this mean were confined to about 
2*6®. Observations carried out on "spark” trans¬ 
mitting stations using damped waves of length 600 to 
1 000 m resulted in only comparatively small errors 
of 10® or 16® at ranges of transmission of not less than 
30 miles over land. In a large number of these cases it 
was found difficult to make any observation at all 
owing to the extremely flat minimum encountered at 
night. In the paper referred to, Mesny expresses the 
opinion that the difference in observed effects as 
described above was not due to the damping of the 
waves but to the difference in wave-lengths. 

From the above brief r6sum6 of previously pub¬ 
lished data it will be seen that there has hitherto been 
little opportunity of making any comparison between 
the relative effects of damped and undamped waves 
upon the errors and variations experienced on radio 
direction-finders. The only comparisons that have 
been carried out have been made between clamped 
waves of short length (below 1*6 km) at short or 
medium ranges and undamped waves of great length 
(greater than 6*0 km) at comparatively long ranges, and 
at least two sets of experimenters have expressed the 
opinion that it was the difference in wave-length rather 
than the damping which was responsible for the vary¬ 
ing results obtained. Since it is now known that the 
distance and also the nature of the path of transmis¬ 
sion, whether sea or land, may affect the results, and 
also that, until recently, the shape of the transmitting 
aerial was suspected to have some influence, "f it was 
evidently unfair to compare results obtained on damped 
waves from one station with those obtained on undamped 
waves from another station. For a strict comparison 
to be made it is essential for the waves to be as nearly 
as possible of the same length and to be emitted from 
the same aerial, ^and for the change from damped to 
undamped waves to be made as quickly as possible 
when observations are being carried out. 

In his textbook published in 1922, Keen t repeats 
the experience described by Wright that indefinite 
and distorted minima are more pronounced in connec¬ 
tion with continuous waves thfin with damped waves, 
and that the presence of night-effect conditions can 
usually be recognized in the case of spark signals, 
since a sharp displaced minimum is exceedingly rare. 
The statement is made without any qualification as to 
the effects of wave-length, distance and nature of path 
of transmission, and is evidently meant to convey the 

* R. Mesny : “ The Variation in Direction and in Intensity of the 
Electromagnetic Field of a ,Wave,” VOnde Electrique, 1922, vol. 1, pp. 901 
and 577. 

t R.L. Smith-Rose: “The Effect of theShapoof the Transmitting Aerial 
upon Obse^^ Beanngs pn a Radio Direction-Finder,” Journal XM.B., 1924, 
vol. 62, p. 967. 

X R. Keen : “ Direction and Position Finding," 1922, p. 192. 
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impression that in the case of damped-wave transmis¬ 
sion some warning of \he existence of night effect" 
with its possible varying errors is conveyed to the 
operator of the direction-finder, whereas in the case of 
undamped waves the minimSL are usually, if not always, 
quite sharp and serious errors in bearing may pass 
unnoticed. Keen has also pointed out* that such a 
result is to be expected if the tlaeory of night errors 
put forward by T. L. Eckersley f is correct. It will 
be generally admitted, however, that it is experi-. 
mental evidence, rather tlian deductions from a by no 
means universally accepted theory, which is required 


engaged under the auspices of the Radio Research 
Board in^the daily observation of the apparent bearings 
of many European transmitting stations. A large 
mass of data was collected during the years 1921-24, 
and the results of its analysis are being published in a 
series of official reports.* 

(a) Transmissions on long waves (2 to 9 km), —^During 
the first year of working the observations were confined 
to damped-wave transmission, whereas during the 
second year about 80 per cent of the total observations 
were made on undamped waves. The maximum 
variations recorded at each observing station were of 


Table 1. 


Summary of Observations made on Transmitting Stations using both Damped and Undamped Waves. 


Transmitting station 

Type of transmission 
and wave-length (km) * 

observing station 


Day observations 

Night observations 

Number 

Extreme 

Variation 

Percentage 
more than 2® 
from mean 

Number 

Extreme 

Variation 

Percentage 
more than 6** 
from mean 

Clifden 

Clifden 

Clifden 

Clifden 

Clifdfen 

Clifden 

Clifden 

Clifden 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg 

Karlsborg; 

Karlsborg 

Spark (6 *8) 
C.W. (6-8) 
Spark (6‘8) 
C.W. (6*8) 
Spark (6-8) 
C.W. (6-8) 
Spark (5-8) 
C.W. (6-8) 

; Spark (2*6) 

; C.W. (3-9) 

' Spark (2*6) 

; C.W. (3*9) 
Spark (2*6) 
C.W. (3*9) 
Spark (2*6) 
C.W. ,(3*9) 

! Spark, (2 *6) 
C.W. (3*9) 

Aberdeen 

Aberdeen 

Bristol 

Bristol 

Newcastle 

Newcastle 

Teddington 

Teddington 

Aberdeen 

Aterdeen 

Bangor 

Bangor 

Birmingham 

Birmingham 

Bristol 

Bristol 

Newcastle 

Newcastle 

19 

189 

19 

166 

86 

316 

34 

163 

436 

32 

640 

136 

104 

27 

84 

171 

603 

deg. 

3*0 

6*0 

0*7 

6*6 

1*6 

2*3 

1*6 

6*7 

4*8 
2*8 
10*8 
6*8 
9*3 
6*2 
2*6 
• 6*6 
10*6 

percent 

0*0 

2*1 

0*0 

1*0 

0*0 

0*0 

0*0 

4*6 

0*9 

0*0 

7*6 

11*7 

11*6 

3*7 

0*0 

20*6 

11*3 

36 

673 

32 

212 

66 

694 

62 

389 

269 

242 

267 

291 

438 

38 

324 

23 

486 

237 

deg. 

6^8 

4*1 

6*2 

3*9 

12*6 

26*0 

15*7 

38*6 

32*3 

34*3 

34*4 

61*1 

47*6 

7*6 

410 

11*9 

67*6 

66*0 

per cent 

0*0 

0*0 

0*0 

0*0 

9*1 

3^4 

14*6 

9*8 

69*6 

9*9 

28*4 

19*2 

26*8 

0*0 

21*6 

8*7 

42*6 

16*9 


C.W.SSS continuous wave. 


to settle a point of such vital interest to the future of ' 
wireless direction-finding. [ 


(3) Recent Experiments. 

In a paper J published in 1922 the author described 
experiments which showed how errors might arise in 
the use of direction-finders on continuous-wave trans¬ 
missions when the field from the local oscillator used 
for heterodyne purposes was allowed to interlink the 
receiving loop. The difficulties of adequately screening 
a valve oscillator were emphasized and the details of 
the design of a suitable screened oscillator were given. 
Oscillators of this type were employed at a number of 
direction-finding stations situated in Great Britain, 


• Loc. cU, 

f T. L. Eckejisley ; " The Effect of the Heaviside Layer on the Apparent 
Direotion of Electromagnetic Waves,” Radio RetHe^, 1021. vol. 2. pp. GO 
and 281. 

t R. L, Smith-Rose : ” On the Electromagnetic Screening of a Triode 
Osdllatdr,” Ptoceedings of the Physical Sociely of LoHdort, 1022, ^1.34, p. 127. 

VoL. 63. 


the same order during the two years and ranged from 
60® to 90®, the undamped-wave observations during 
the second year showing nb marked difference from the 
damped-wave observations of the same or the previous 
year. 

Among the relatively large mass of observations 
analysed in these reports, the dnly two transmitting 
stations which gave conditions approximating to tlie 
ideals mentioned above were Clifden and Karlsborg, 
and in Table 1 is given a summary of the whole year's 
observations obtained on these stations. The differ¬ 
ence in wave-length in the case of the Karlsborg trans¬ 
missions is known not to be responsible for any marked 
difference in the effects observed. It is seen from the 
table that although in some cases, both by day and 
by night, the extreme errors appear to . be slightly 

* R. L, Smith-Rose : “ Variations of Bearings of Radio Transmitting 
Stations,” Radio Researdi Board, Special Report No. 2,1224. 

61 
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greater on undamped waves, the reverse is also true 
in other instances; and, particularly at night, *’the pro¬ 
portion of the errors is less on undamped than on 
damped waves. The actual differences tabulated are 
probably not significant and the deduction is therefore 
made that, provided the necessary precautions are 
taken with the direction-finding receiving apparatus as 
previously described, no difference in the ordinary 
night variations is experienced with the use of either 
damped or undamped waves of lengths within the 
range of 2 to 6 km. It may also be pointed out that 
in the case of the transmissions from Karlsborg to 
Aberdeen and Newcastle more than three-quarters of 
the path of transmission is over sea, whereas from the 
Clifden transmitting station the major portion of the 
path was over land. 

(6) Transmission on shorter waves (760 to 1 800 w).— 
Between November 1923 and March 1924 a series of 
epcperiments was conducted, in which probably the 
closest possible approach to the ideal conditions 
mentioned in Section (2) was realized. For this 
purpose the transmitting station of the National 
Physical Laboratory, Teddington, was utilized, special 
signals being sent in turn on damped waves, inter¬ 
rupted continuous waves and continuous waves. The 
three types of transmission followed each other at 
regular intervals of two or three minutes, the whole 
cycle of transmissions being repeated every 10 minutes. 
Two direction-finding stations were employed at Orford 
and Slough respectively, and the experiments took 
the form of a series of simultaneous observations at 
the two stations over continuous periods of 24 hours 
at a time. 

At the Slough station, distant only 11*6 miles from 
T'eddington, no difference whatever could be detected 
in the bearings observed on either t37pe of transmission 
by day or night. The maximum error in bearing ob¬ 
served throughout the whole series of tests was less 
than 2®, the great majority of the readings being correct 
to within 1®. 

At; Orford, distant,^ 93 miles from Teddington, the 
observed bearings showed the usual effects associated 
with dayHght and darkness. A summary of the results 
obtained in these tests is given in Table 2, in which no 
distinction is made between the day and night portions 
of the 24 hours. 

*. By making an arbitrary division of the day and 
night periods at one hour after sunrise and one hour 
before sunset, the day observations are found to give 
a maximum error in bearing of less, than 3®, and all the 
larger errors i^orded above occurred during the night. 
It mil be seen from the table that there is no obvious 
difference in the order of the variations experienced 
with either of the types of wave employed. In the 
last column is recorded the proportion of cases in which 
the signal minimum was so broad that no observation 
of bearing could be made. This proportion is seen to 
be quite an appreciable fraction of the total observa¬ 
tions, particularly when it is remembered that the 
figure is considerably ''diluted'' by the daylight 
readings. While the exact percentage of readings 
giving such flat signal minima was found to be very 
variable in $he different tests, it will be noted that 


there is a tendency for the continuous-wave trans¬ 
mission to give a maximum proportion and for the 
interrupted continuous waves to give a minimum 
proportion of such readings. 

The above tests from Teddington to Orford were 
carried out at a distance over land for which previous 
experience has shown direction-finding to be of little use 
at night, on account of the variable errors and the ill- 
defined signal minima obtained. A consideration of all 
the results in Table 2, giving due weight to them in 
accordance with the number of complete 24-hour tests 
worked, tends to the deduction that the above differ¬ 
ences in the results obtained are not very significant; 
the general conclusion being that all the usual types of 
night effect in direction-finding are equally likely to 
occur with either damped waves and with undamped 
waves, whether interrupted or not. The actual figures 

Table 2. 


Summary of Direction-Finding Observations made at 
Orford on Various Transmissions from Teddington. 

(Distance « 93 miles ; true bearing = 240*6®.) 


Type of transmis¬ 
sion and wave¬ 
length (m) * 

Number 
of 24-hour 
periods 
worked 

Total 

number 

of 

obser¬ 

vations 

Observed bearings 

Per¬ 
centage 
of flat 
minima 
recorded 

Extreme 

varia¬ 

tion 

Percentage ^ 
more than 

2* from 
mean 

6® from 
mean 






deg. 




Spark (760) 

1 

1 

r 

418 

20*0 

1-8 

0*8 

11*6 

I.C.W. (760) 

1 

1 

r ^ 1 

1 

1 

299 

17*0 

1-4 

1*0 

7*0 

C.W, (760) 


1 

L 

388 

20-0 

6*0 

2*6 

26*7 

Spark (1 000) 


1 


136 

0*7 

— 

— 

17*0 

I.C.W. (1000) 

1 

1 

^ 1 

1 

1 

110 

2*2 

— 

— 

6*6 

C.W. (1000) 

J 

1 

1 

138 

3*0 

— 

— 

46*6t 

Spark (1 800) 

1 

L 2 J 

r 

212 

6*0 

2*0 

— 

7*6 

C.W. (1 800) 

J 

^ ^ 1 

L 

167 

10*0 

3*8 

2*9 

7*2 


♦ C.W. — continuous waves: I.C.W. =» interrupted continuous waves, 
t In a subsequent test on tins type of transmission the flat minima recorded 
were less than 15 per ce^t. 


indicate that the type of effect known generally as 
broad or flat minimum is more common with undamped 
than with damped waves, but on account of the warning 
it gives to the operator this effect is not harmful in 
the application of direction-finding to navigation 
problems. 

(4) Conclusions. 

From careful, systematic observations carried out 
on various wave-lengths from 760 to 6 000 m it is 
concluded that the liability of wireless direction¬ 
finders to the type of errors known as " night effect" 
is equally great with damped and undamped waves. 
The special experiments were carried out with trans¬ 
missions made dijectly over land, when it is common 
experience that») •these night-effects occur for ranges 
exceeding#about 30 mil^. Since, however, it has 
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already been shown * that when the path of trans¬ 
mission is entirely ov8r sea and free from land and 
coastline effects, direction-finding with damped waves 
is accurate enough for most navigation purposes at 
distances up to 80-100 miles, it is inferred that equal 
reliability would be obtained with undamped waves. 
This is in direct confirmation of some experiments f 


♦ R. L. SmitH'Ross : ” Some Radio Direction-Finding Observations on 
Ship and Shore Transmitting Stations,” Journal I. 1924 , vol. 62 , p. 701 . 

t G. R. Putnam ; “ Radio Fog Signals for the Protection of Navigation ; 
Recent Progress,” Proceedings of the National Academy of Sciences, 1924 , 
vol, 10, p. 211. ' ' ’ 


carried out by the United States Lighthouse Service 
with raiio beacons provided with modulated corf- 
tinuous-wave transmitters for the use of direction¬ 
finders on board ship. Comparative tests carried out 
with these and with the ordinary spark beacon trans¬ 
mitter showed that at various distances up to 132 miles 
over sea the accuracies were practically identical in 
each case, both by day and by night. The faith of 
the authorities in their results is exemplified by the 
fact that they are already introducing the modulated 
continuous-wave transmitters into their beacon stations. 


Discussion before the Wireless Section, 3 June, 1926. 


Commander J, A. Slee : One specific purpose for 
which direction-finding is used is for the navigation of 
ships, and I wish to make a few remarks on this aspect 
of the matter. Either the ship can carry a direction¬ 
finder and take bearings of transmissions from known, 
fixed points, or the ship can do the transmitting and 
the direction-finder can be placed on land. In the 
present state of affairs there are a great many more 
ships with direction-finders than there are direction¬ 
finding stations on shore. At present the usual method 
—^and I think from the seaman's point of view by far 
the best method—^is for the ship to carry tlie direction¬ 
finder, & that when it comes to the navigation of ships 
the problem is to obtain accurate bearings in a ship 
from a fixed point. Experience shows tliat for most 
kinds of direction-finding, if the transmitting station, 
which is fixed, is any considerable distance inland, the 
bearings are poor. One must remember tlie condi¬ 
tions of navigation, however. It is not an academic 
study of the problems of direction-finding; an accurate 
bearing of a fixed point is what is required. The 
things which seamen are accustomed to deal with are 
headlands, lighthouses or similar fixed points on the 
coast, and they do not want bearings at long distances. 
I think it is safe to say that reliable bearings at 100 miles 
is the maximum requirement, and that in the great 
majority of cases 60 miles is quite enough. Thus 
the problem of direction-finding as applied to the 
navigation of ships is one of fairly short-distance work. 
The next point is to select transmittiifg stations which 
are suitable to the apparatus, viz. fairly short-wave 
stations situated on the coast—usually the 600-m 
stations used for communication with ships. The vast 
bulk of experience has been gained with these stations. 
It has been found that, due to the position of the land 
round the station, the^ existing coast stations have 
only comparatively small arcs in which bearings good 
enough for navigation can be taken. A demand has 
therefore arisen, and has just begun to be supplied, 
for special stations other than these stations for the 
purpose of assisting ships. The name which is being 
attached to this class of station in England is the 
" beacon" station. At present a wave-length of 
1 000 m is being used, so we can state that from the 
point of view of navigation of ships a knowledge 
of the behaviour over moderate distances (all over 
water) of waves from 600 to 1 000 mTlfe what is chiefly 
required. When ordinary spark transmitters are used 


their outstanding disadvantage is the amount of 
interference which they cause to other wireless services, 
and it is undoubtedly the object and the hope of 
everybody concerned with wireless to get that inter¬ 
ference reduced. Against this it has been found that the 
reliability of the bearings taken from a spark station is 
of a high order. There is almost always a period 
between darkness and daylight when the bearings 
taken in a ship go wrong. The chances of error due 
to a bearing being taken during that period are small, 
because everybody knows the trouble and avoids it. 
If a bearing has to be used, it is used with great 
caution during those times. Once it is thoroughly 
dark it is very uncommon for the spark bearings to go 
wrong, but if they do so there is nearly always a great 
delberioration in tiie sharpness of the minima obtained, 
which gives warning of the temporary unreliability of 
the bearings. Thus the spark system has forced itself 
into a position of reliability and confidence among those 
concerned in the use of direction-finding for navigation. 
In order to get away from the interference .difficulty, 
the problem of I.C.W. has been attacked, and as far 
as possible experiments have been made; but -with 
ships which are actually at sea and using their direction- 
finderSi for navigation purposes the opportunity for 
academic experiment is not very great. The tendency 
is to show that at the moderate distances over which 
a ship requires bearings, I.C.W. behaves just the same 
as spark waves do. It is no worse and no less reliable, 
and the interference which it causes is undoubtedly 
considerably less. Therefore everybody concerned with 
the navigation of ships is perfectly content with the 
substitution of I.C.W. for spark. There remains , the 
case of pure C,W. There is no very great amount of 
experience available, but what there is can be sum¬ 
marized in this way. For direction-toding purposes 
the ordinary form of direction-finder uses the familiar 
figure-of-eight diagram, but if that diagfam is used 
during the hours of darkness it seems to be indisputable 
that pure C.W. bearings are very prone to wander. If 
the equally well-known heart-shaped diagram is‘used, 
then that wandering is a very great deal less, even if it 
does not entirely disappear. Thbre remains the . fact, 
however, that in ordinary practice it is very difficult in 
an iron ship, if not impossible, to get the polar curve of 
the heart-shaped diagram truly S 3 rmmetrical. The 
result is that the two parts of riie curve adjacent to 
the zero point ard not alike, and the method of observa- 
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tioii (which consists of taking two points of equal 
sfgnal strength) will fail because those two p6ints are 
not equally distant from the zero point, a resultant 
error of about 3 or 4 degrees remaining. I do not 
think it would be right to put it any lower than 
3 degrees or higher than 6 degrees. The navigators of 
big ships nowadays have got into the habit of working 
to a higher degree of precision than this, and as a 
result I think I am right in saying that ^ose using 
direction-finders for the navigation of ships at sea, 
although they would raise no objection to the intro¬ 
duction of I.CW. instead of spark for beacons, would 
all deplore the use of pure C.W, for beacons and fo'r 
navigation as opposed to I.C.W. The I,C.W. stations 
at naoderate ranges are quite satisfactory. At the 
longer ranges there is some evidence of I.C.W. wander- 
iag, but one cannot say that it is more so than in the 
case of spark, and for the case of ship navigation these 
longer ranges are not important. To put the matter 
in a nutshell, I think tliat, so far as the navigation of 
ships is concerned, the use of I.C.W. is perfectly suitable 
and satisfactory, and the amount of interference it is' 
liksly to cause to other services is not great. I do 
not think there is such a thing as a direction-finder at 
sea without a powerful amplifier attached to it, so | 
the amount of power required to allow of accurate 
bearings being obtained at moderate distances (up to, 
say, 60 miles) is not very great. For instance. Trinity 
House has just started an experimental beacon station 
at Round Island, Scillies. First-class bearings at ^at 
place have been obtained at distances up to 100 miles. 
There is no question that that station is much more 
powerful than is necessary, and it has been blamed 
for interference, but it is clear that the power can be 
very considerably reduced.* At any rate, as far as 
Great Britain is concerned I think I am justified in 
saying that a station such as Round Island is the 
most powerful form of beacon station that can be 
wanted, and far less powerful stations will do all that 
is necessary further up the Channel and in narrower 
waters. 

Dr. S. H. Long: The author has raised a very 
important question relative to direction-finding. It 
has long been the idea of many people employed on 
direction-finding work that C.W. and I.C.W. were of 
little use for such work. One can readily appreciate 
the advantages of C.W. or I.C.W. over spark if they 
could be used for direction-finding. This is especially 
the case in the present rapid advancement and progress 
in the art of direction-finding at sea, and in the develop¬ 
ment of radio-beacon stations in congested waters. I 
have been privileged to carry out a regular develop¬ 
ment of a system of direction-finding which has proved 
Itself specially suitable for C.W. and LC.W. work. 
Comparisons have been made with results on spark 
Stations on wave-lengths used in mercantile radio 
communication, i.e. on wave-lengths of from about 
460 m to 1 260 m. These 'tests have been carried out 
on transmission over both land and sea up to about 
160 miles, and the general conclusions reached are 

that (a) the reliability of bearings on C.W. and I.C.W. 

♦ 

. ♦ This has now been done^ At the moment good bearings are obtained 
at 40 to 50 milee.. 


is equal to that on spark; and (b) tlie working on 
C.W. or I.C.W. is preferable to and easier than that 
on spark, owing to the great selectivity and conse¬ 
quent lack of or diminution of jamming. Bearings 
can be taken on C.W. under conditions which entirely 
prohibit the taking of spark bearings. In regard to 
night effect, the results obtained at sea show that 
C.W. and I.C.W. are quite as reliable as spark by night. 

It has frequently been stated, as mentioned in the 
paper, that spark is more reliable than C.W., as ■toe 
operator knows when " night-effect ” is present, owing 
to the “ woolly ” indistinct minima. Our experience 
proves that this is not sound and that the trouble 
experienced is due not to the nature of the trans¬ 
mitted wave but to the type of reception used. In the 
system we have been developing, a compensating 
vertical aerial for sharpening up the mini^ in con¬ 
junction with a single rotating frame aerial is used. 
This compensating device operates on the set by means 
of a variable coupling, which changes with the angle 
of incidence of the vrave-front on the receiver frame. 
With a vertical wave-front the coupling is extremely 
loose. When " night effect ” is present the following 
phenomena are noticed : (1) The coupling between tire 
rotating frame and the compensating vertical has to be 
tightened; (2) the bearings on C.W. can always be 
made sharp by the use of the coupling to tlie vertical 
aerial; (3) the C.W. bearings are very shai^ when 
correct adjustment of coupling with the compensating 
vertical aerial is used, but these bearings in a few 
seconds tend to wander rapidly, i.e. if the true bearing 
is say, 120°, in the course of 16 to 20 seconds one gets 
bearing of, say, 110°, 116°, 120° and 130°; and 
(4) the tightness of the coupling belween the com¬ 
pensating vertical aarial and the rotating frame is an 
iitifaiiing indication to the operator as to the reliability 
of bearings. Thus we see that although the direction¬ 
finding set cannot compensate for the refraction or 
reflection of the incoming wave, it at once indicates 
whether this refraction or reflection is present smd 
warns the operator as to the correctness of the bearing 
read. This variation of coupling between compensating 
vertical aerial and rotating frame aerial when " night 
effect ” is preset seems to indicate a rapid changing 
in the slope of the wave-front relative to the rotating 
frame. This has been proved by using, in lieu of a 
rotating frame on a vertical axis and a compensating 
vertical aerial, a rotating frame on an axis which is 
also capable of rotation through about 60 degrees to 
the vertical. The greatest importance in the reception 
of C.W. lies not only in the choice of oscillator us(^ 
but also in the method by 'which the oscillator is 
coupled into the receiving direction-finding si^tem. 
Any system in whidi a secondary effect of the oscillator 
can occur is liable to produce errors, and the simplest 
system is that of a single rotating frame in which no 
secondary effects are possible. If more than one 
frame is used with the oscillator in the electrical centre 
of the frame and receiver, then complications are 
ijaWA to arise, with consequent unreliability of bearings. 
Can the author ^ve any information regarding the 
■reliability of ffitection-finding on C.W., I.C.W. or 
' spark S 3 rattai 8 of, say, 8(1 to 260 m wave-length ? It 
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is obvious that these are the wave-lengths to which 
great attention must 6 e paid in the near future. 

Mr. R, Keen : The paper summarizes veiy well the 
situation regarding the comparative reliability of 
spark, C.W. and modulated C.W., and it certainly 
seems that we are approacliing the point at which we 
can say that we know roughly the limitations of the 
three systems of transmission. The evidence is still, 
however, a little Conflicting. The author states that 
the only comparisons which have been made in the 
past regarding C.W. and spark have been made with 
damped waves at short distances and on short wave- . 
lengths, as against C.W. on long waves and at great 
distances. Perhaps these are the only tests which j 
have been published, but we must not forget the war | 
experiences. The author refers to Round s paper, i 
and in connection with the discussion on that paper ■ 
he says that the knowledge of these variable errors ; 
seemed to be rather hazy at the time. Possibly that 
was the case, but the facts remain that many thousands ' 
—^probably hundreds of thousands—of bearings were 
taken by very expert operators down our East Coast 
during the years 1916 to 1918, on botli spark 0 ,nd 
C.W. stations from 1 800 m upwards and at distances of 
about 200 miles, mostly over sea. It is unfortunate 
that the whole of these readings could not have been 
analysed, but that was impossible at the time and 
\ve are* obliged to rely on the impressions of those 
engaged on the work and those impressions were that 
the C.W. errors were very appreciably greater than 
the spark errors. What appears to me to be the most 
important point in the paper is contained in the con¬ 
cluding paragraph where the author infers that at 
distances up to 80 or 100 miles over sea, C.W. will be 
as reliable as spark. If this means that modulated 
C.W. is as reliable as spark, weU and good, but in the 
summary which prefaces the paper pure C.W. is also 
included with modulated C.W. as being a type of trans¬ 
mission which can be used with perfect confidence 
whoever spark gives satisfactory results. Now, the 
opening words of the paper state that the purpose of 
all this work has been to get down to a reliable system 
Of beacon working for ships and it seems to me that 
there- is only one way in which we can ever find this 
out, namely by taking all our test-ftearings from an 
iron ship at sea on beacon stations on shore of the 
power and which will be used commercially. 

Such tests would prove costly but the results would be 
a final answer to all discussion on the subject. It is 
of the greatest interest to note that such tests have 
been carried out in America and that the results show 
that spark and modulated C.W. have approximately 
the same degree of reliability, but in view of the com¬ 
mercial interests involved and the extreme importance 
of the whole subject it seems not unreasonable to hope 
that the Radio Research Board will carry out some 
similar tests for purposes of confirmation. At the 
top of col. 2 on page 923 is a remark which is not 
quite clear to me. It is mentioned that the power 
necessary for a beacon station for the use of ships 
with crystal reception would have ^:o be fairly high, 
but surely any ship having a direiflon-finder would 
•also have valve reception. •The author refers to my 
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book and I agree with his remarks. My statement 
that erJors on spark transmission nearly always g^e 
warning of their existence by indefinite minima, whilst 
C.W. bearings may be 30 or 40 degrees out and still 
have crisp minima, is to be taken generally as indi¬ 
cating the characteristics of the two types of trans-* 
mission and may occur no matter what the wave¬ 
length or type of path may be. The author is a little 
sceptical regarding the Eckersley theory of the cause 
of night-effect errors, but it still remains the only 
theory which accounts in such a striking way for 
practically all the phenomena met with in direction¬ 
finding work. However, again I agree with the author 
that it is experimental evidence which is required, 
and this point cannot be emphasized too strongly. 
Although the information supplied by the Radio 
Research Board during the past two years has been 
extraordinarily interesting and valuable, I feel that 
this question of the reliability of C.W. and modulated 
C.W. beacons for ship direction-finding work can only 
be settled by further tests under, working conditions., 
since direction-finding on a shore station and in a ship 
are totally different problems. 

Major B. Binyon ; In Section (1) of the paper the 
author refers to the serious interference wliich, in liis 
opinion, would be incurred by the use of beacon stations 
operating on tire spark system. I think, however, he 
overstates the case since such stations would not 
operate continuously, but only in thick wealher, and 
then for a period of only 1 minute in every 10. Further¬ 
more, the power employed by such transmitters need 
rarely exceed J kW, since the receivers used in con¬ 
junction with the ships* direction-finder sets would be 
highly sensitive, of the multi-valve t 3 rpe, and not 
crystal detectors as suggested in the paper. I am in 
agreement with Commander Slee that I.C.W. might be 
employed for beacon station work, though the plant is 
likely to be more costly. In considering the progress 
which will occur in marine development it is natural 
to suppose that the transition from the spaxk system 
to the C.W. system will be by the intermediate use of 
I.C.W. This transition, for financial reasons, must 
necessarily be gradual and it is therefore important, if 
we are to see progress in this direction, that there 
should be ho technical reason why C.W. or I.C.W. 
cannot be exclusively used on board ship. It is most 
important, therefore, bearing in mind that ships may 
wish to take direction-finding bearings on one another— 
and this subject is altogether ignored in the paper— 
that the question of whether or no reliable bearings 
on C.W. can be obtained should be conclusively proved. 
In the author*s conclusions he says : '' Since, however, 
it has already been shown that when Ihe path of 
transmission is entirely over sea and free from land 
and coastline effects, direction-finding with damped 
waves is accurate enough for most navigation purposes 
at distances up to 80-100 miles, it is inferred that 
equal reliability would be obtained with undamped 
waves.** I do not think that this has been by any 
means proved by the author, nor that an inference of 
this character, on a subject so important, is justifiable. 
"We hav(b already experienced considerable difficiilty in 
persuading the average marine that direction-finding 
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on the damped-wave system is sufficiently accurate 
fof navigation at sea, and I shoujd be sorry if the 
progress of direction-finding were retarded by the 
establishment of C.W. beacons, unless it were con¬ 
clusively proved that the same order of accuracy could 
be obtained therefrom as with the spark system. It 
is, however, admitted, as Commander Slee has stated, 
that reasonable accuracy may be expected on I.C.W, 
In connection with tlie wave-lengtlis on which experi¬ 
ments have been conducted and referred to in Table 2, 
it is unfortunate that these experiments could not 
have been made on the wave-lengths (spark, I.C.W. 
and C.W.) used by ships at sea, though one of these, 
viz. 1 000 m, is the wave-length proposed for use by 
beacon stations. 

Mr. R. H. Barfield : When studying the paper I 
came to the conclusion that the lively conteoversy 
which existed before it was written was efficiently 
disposed of by the 10 000 (or so) observations con¬ 
tained in it, but I was apparently mistaken. In com¬ 
parison with the mass of evidence contained in the 
paper my own experience is almost negligible, but I 
can testify that I have spent many hours by day and 
night taking observations of both dampe.d and undamped 
waves, and I have never noticed any difiEerence in the 
two classes as regards liability to errors. 

Lieut.-Gol. ,H. P. T. Lefroy : In this discussion, 
which deals with present methods of direction-finding, 
we should not lose sight of the fact that such methods 
are probably obsolescent and may be replaced by 
rotary beacons, with which the errors under discussion 
would not occur. Such beacons are analogous to 
rotating-beam lighthouses. Their range might be 
60 miles, and I think, from what Commander Slee has 
said, that this will be sufficient. By arranging for 
one complete rotation in 72 seconds, and using a 
1/lOth second stop-watch in conjunction with the 
receiver, it should be possible to obtain the bearing 
of the transmitting beacon accurate to half a degree, 
and there should be no errors except those (Jue to 
faulty observation. For various reasons, the radiation 
would be on wave-lengths shorter than .100 m, and 
I.C.W. would probably be used. As regards the 
ordinary systems in use at present, if I.C.W. is going 
to be used it is worth considering whether interruption 
could not be applied at the receiver instead of at the 
transmitter; in the latter case signals are heard as 
I.C.W. by those who are using them and also by those 
to whom they are causing interference, whilst in the 
former case they are heard as I.C.W. by those who are 
using them, but as C.W. by those who are not using 
a local interrupter with their receiver, so that less 
interference ♦is caused. With properly designed appa¬ 
ratus the range, for a given C.W. input, is probably not 
less when interrupting at the receiver than when 
interrupting at the transmitter. 

Admiral of the Fleet Sir H. B. Jackson : The 
discussion appears to have evinced the fact that spark 
and I.C.W. are equally to be depended upon. There 
is a certain amount of difference of opinion about 
C.W., but this, may be due to the type of receiving 
station used. iThe author has carried out his experi--^ 
inents at well-tested stations where* there were no 


local errors of any sort to be expected; whereas with 
those carried out in iron ships &ere are errors which 
are inherent in the station itself. Possibly the matter 
may be investigated by the Radio Research Board. 
Unfortunately the Board have not a ship at their 
disposal, but it is possible that they may think it 
necessary to obtain one for this purpose. At any rate 
I shall bring the matter to their notice. 

Dr. R. b. Smith-Rose (in reply): It is evident from 
the discussion that although a position of equality has 
been won for interrupted continuous-wave and damped 
wave transmission in wireless direction-finding, the 
question of its reliability in the case of continuous-wave 
transmission is stHI debatable. In regard to the latter 
case I must say that I see no reason to depart from the 
conclusions stated in the paper, for no satisfactory 
evidence has,, in my opinion, been brought forward 
against them. Dr. Long*s experience directly confirms 
my results and he is apparently satisfied as to the reli¬ 
ability of continuous-wave working over sea. Mr. Keen, 
on the other hand, has brought forward the only real 
evidence which has ever confronted me as to the greater 
lialjility to error of C.W. direction-finding, viz. that 
obtained during the years 1916-18. I would suggest, 
however, that the results of the investigations which it 
has been my privilege to conduct during the past five 
years are superior both in quantity and quality to those 
obtained during the above-mentioned period. Thfey were 
begun with all the benefits of the experience of the 
preceding years, and were systematically planned and 
carried out under conditions free from the stress which 
necessarily accompanied the work done during the war. 
Furthermore, all the results obtained have been very 
carefully examined and co-ordinated and are now placed 
on record. 

The real point which now remains at issue, however, 
has been made very clear by Commander Slee, Major 
Binyon and Mr. Keen. It is that although I have 
inferred that continuous-wave direction-finding is accu¬ 
rate over sea for distances up to 100 miles, there is no 
direct evidence for it; and the confidence of the mariner 
will not be obtained until the point has been proved. 
Owing to the very few ships fitted with undamped-wave 
transmitters no results for oversea working on C.W. were 
obtained during*the experiments carried out at the 
Orford direction-finding station. The matter will 
obviously require the arrangement and carrying out of 
special experiments. It would appear to be desirable 
to make these experiments of a two-way nature, using 
one direction-finder on shore and one on a ship at sea; 
the ship and shore stations b^g also equipped with 
both spark and C.W. transmitters. Major Binyon has 
mentioned the additional desirability of carrying out 
tests between two ships. Constant tests would need 
to be carried out over a considerable period and the 
expense would naturally not be small. 

Pending the carrying-out of such experhnents it is 
to be hoped that the direction-finding services will be 
converted to I.C.W. working as soon as practicable. 
In this connection it is interesting to observe that con¬ 
firmation of the reliability of modulated C.W. for direc¬ 
tion-finding is sBBforded by the fact that, the Frencffi 
authoritiesfconverted the r^-dio-beacon at Cape Gris-Nez 
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from spark to modulated continuous-wave transmission 
as early as 1923.* In*tlie paper referred to, it is stated 
that the results are quite as accurate as those obtained 
with damped-wave transmissions, and the remaining 
stations of the French radio-beacon service will shortly 
be converted in a similar manner. 

Apart from the effect of wave-damping. Commander 
Slee mentions the variations in bearings observed when 
the path of the waves is along a coast or over land. 
I have recently become very interested in this phase of 
direction-finding, for although the experimental evidence 
is rapidly accumulating and is undeniable, the theoretical 
side of the subject is in a very unsatisfactory position. 
It is hoped to inaugurate some experiments to investigate 
this particular point in the near future. I have never 
experienced the twilight effectmentioned by Commander 
Slee, according to which the bearings are apt to be more 
unreliable in the neighbourhood of sunset than when 
total darkness prevails. 

Dr. Long states that he uses a compei^ating vertical 
aerial for sharpening up the minimum, and also that the 
extent of the coupling of this aerial to the main receiving 
coil provides a means of detecting a change in the slope 
of the wave-front.. Without practical experience of 
this particular arrangement I am loth to criticize; 
but I should like to draw attention to some recent 
experiments, the results of which show that owing to the 

* A. ** Acoustic Selectloa in Radiogoniometry," Compies Rendus, 

mi5,vol. 180, p. 1000. 


high effective conductivity of the earth, the direotiqps 
of the Vesultant electric and magnetic forces at the 
earth's surface due to a wave arriving at' any angle 
, of incidence are not seriously different from those obtained 
in the day-time with a single wave propagated hori¬ 
zontally.* On wave-lengths above 2 600 m the electric 
force never departs from the vertical by much more 
than 1®, and the magnetic force is always horizontal to 
within the same limit. In reply to Dr. Long's inquiry 
I regret that we have as yet no results to communicate 
as to direction-finding work on wave-lengths of 250 m 
and below. 

I have to thank Mr. Keen and Major Binyon for 
drawing my attention to the paragraph referring to the 
use of crystal detectors. This was inserted in error 
and has now been deleted. 

Colonel Lefroy has given us a reminder that there are 
systems of rotary beacon transmitters from, which 
bearings may be obtained, and which may eventually 
supersede directional reception methods. At the present 
time I feel that the experimental evidence supporting 
the statement that these beacons should have no errors 
is somewhat small. It can be shown theoretically that 
one t 3 q)e of rotary beacon is liable to give errors under 
certain conditions, and it remains for the results of 
experiments to show how serious such errors may be. 

* R. L. Smith-Rosb and R« H« Barfibld : **Oa the Determination of tho 
Directions of the Forces in Wireless Waves at the Earth's Surface,** Pfo- 
c^ings of the Royal 1926, vol. 107, p. 587. 
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REPORT ON MEASUREMENTS MADE ON SIGNAL STRENGTH AT 
GREAT DISTANCES DURING 1922 AND 1923 BY AN EXPEDITION 
SENT TO AUSTRALIA. 

By Captain H. J. Round, M.C., Member, T. L. Eckersley, K. Tremellen and F. C. Lunnon, 

of Messrs. Marconi’s Wireless Telegraph Co., Ltd. 

{Paper received 21th November, 1924, and^ read before ike Wireless Section Qth May, 1925.) 


Preface. 

(By Captain H. J, Round, M.C.) 

The first accurate wireless measurements of signal 
strength were made by Duddell and Taylor in 1905, 
and from 1909 to 1913 Austin and Cohen carried out 
a series of experiments over long distances from which 
they deduced their well-known formula. 

In 1911-1912 the author and Mr. Tremellen carried 
out a fairly extensive series of measurements on daily 
and annual variations of high-power station signals at 
Chelmsford, and afterwards on various voyages. Prac¬ 
tically all these tests were carried out with spark trans¬ 
mission. 

In 1921 Vallauri published the first results on the 
use of ^thc comparison method of measuring signals 
(originally suggested and used by Eccles for spark 
work). 

The author, with Mr. Lunnon, just previous to 
this publication by Vallauri, had started developing a 
comparison method for measuring signals, differing in 
some particulars from that of Vallauri. Vallauri used 
two frame aerials at right angles, one pointed in the 
direction of signals and the other at right angles. The 
real signals on the one aerial were then compared by 
ear with artificial signals induced on the other one. 
We, however, used an artificial aerial instead of the 
aerial at right angles to the signal aerial. 

Both methods have the serious fault tliat atmospherics 
are not of the same strength on the two systems, and 
Tremellen later on developed the ** chip in method, 
where the end of a message or a pause is waited for 
and, immediately transmission cease;?, the artificial 
signal is induced in the real aerial. Whenever alter¬ 
nate dashes and spaces can be obtained from the trans¬ 
mitter it is of advantage. 

A large number of preliminary experiments were 
carried out by Eckersley, Lunnon and Tremellen, to 
determine {a) errors of the instruments and (5) effective 
heights of aerials, and to get general experience in the 
use of the apparatus. 

Continuous observations were then taken on various 
stations, first at Chelmsford (Broomfield), and then at 
various places in Great Britain. 

Through the support of Mr. Alexanderson^ a technical 
commission consisting of Mr. Beverage and Mr. Rust 
was sent to Brazil completely equipped with the 
measuring gear, to gather accurate data on European 
and American signals there. Here the first use of the 


instruments was made to determine the strength of 
atmospherics, the strengtli being defined as the E.M.F. 
required to be induced in the aerial in order to enable 
signals to be read at 20 words per minute. 

This may be of. questionable scientific value as a 
measurement, but is undoubtedly of great practical 
value, as it enables one to indicate how much stronger 
the.transmitter must be to give a commercial service. 

A further expedition to South Africa under Mr. L. D. 
Hill, again equipped with measuring gear, gave additional 
data. 

We had, however, planned a much more extensive 
expedition which would give sufficient data on long 
waves to enable us to design stations for communication 
between any two places or to indicate whether such 
communication was beyond commercial possibilities. 

Through the strong support of Mr. Godfrey Isaacs 
this bigger expedition was rendered possible, and Mr. 
Tremellen, accompanied by Mr. Allnutt, started on 
the 28th January, 1922, on the S.S. Dorset/’ on a 
voyage to New Zealand, via Panama, The ship was 
fitted with the latest measuring apparatus and a large 
amount of auxiliarj’-apparatus for direction-finding, etc. 
Our thanks are due to the ovvners, captain and officers 
of the S.S. “ Dorset of the Federal Shire Line for their 
invaluable aid during all these tests. 

The gear was unshipped at New Zealand and sent to 
Australia, where the experiments were continued at 
Sydney, Melbounie (Koo-Wee-Rup) and Perth, ,The 
return voyage on the S.S. ” Boonah ” of the Australian 
Commonwealth Shipping Co. was chiefly eventful on 
account of Tremellen’s development and tests of his 
theory of the source of atmospherics. We also wish 
to thank the owners, captain and officers of the S.S. 
" Boonah ” of the Australian Commonwealth Shipping 
Co. for their invaluable aid. 

Very great assistance was given to Mr. Tremellen 
in Australia by Mr. Fisk and the engineers of the Amal¬ 
gamated Wireless Co. of Australasia, wEb have, since 
the expedition, carried out further extensive tests along 
similar lines. ' ‘ ^ 

The major portion of the theoretical work in this 
paper is due to Mr. T. L. Eckersley, and the preparation 
of the paper itself is the work of Mr. Eckersley an4 Mr. 
Tremellen. 

A considerable amount of data will be published later, 
particularly that referring to the absolute readability 
of signals through atmospherics, this having been held 
back for commercial reasons. 


I.E.E. Journal, Vol. 63, No. 346, October 1925. 
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The Measuring Instrument and its Calibration. 

^In order to give a fairly just idea of the accjiracy to 
be expected in this worlc of signal measurement, it will 
not be out of place to give a brief description of the 
principles and details of the measuring instrument and 
its calibration. A fairly detailed description of the 
instrument has already been given before the Institution, 
and it will therefore be sufficient, for the sake of com¬ 
pleteness, to indicate here, in as concise a manner as 
possible, the general principles, the accuracy of calibra¬ 
tion and ob the measurements, and the modifications 
which nearly two years* work witli it have rendered 
possible or advisable. 

Signal measurement set ,—^The method consists essen- 


actual intensity of E.M.F. induced by the signal in the 
actual aerial used, but it is not ar big step to infer from 
this the actual strength of the electric field in the in¬ 
coming wave. 

The artificial signals are supplied by an oscillator in 
a shielded box, coupled to an intermediate circuit in 
which the current can be accurately measured. 

This intermediate circuit is coupled to the common 
part of the aerial and dummy circuit by means of a 
calibrated mutual inductance M, which is well shielded 
in a copper box. The R.M.S. electromotive force 
induced in the dummy circuit is then pMI, where I 
is the R.M.S. current in the intermediate circuit, and 
^ = 27r X frequency. 



Map showing the daily positions for the outward and homeward voyages. 


tially in providing an artificial continuous-wave signal 
(of the same frequency as the signal to be measured) 
the intensity of which can be vaiied over wide limits 
and measured with a fair degree of accuracy. This 
artificial signal can be introduced into the aerial or, 
alternatively, into a dummy circuit having the same 
electrical ci^stants as the aerial, coupled to the receiving, 
apparatus. 

The strengths of the received signals in the dummy 
aerial caused by the artificial signal, and of those in the 
aerial caused by the incoming signal, are compared 
and equalized by varying the strength of the former. 
The calculated E.M.F. induced in the dummy or aerial 
by the former is then the same as that induced in the 
aerial by the signal. 

The instrument therefore primarily measures the 


Very perfect shielding is necessary to prevent any 
stray unmeasured E.M.F. from the oscillator being 
indxxced directly in the receiver. The whole scheme of 
connections is shown in Fig. 3, and Figs. 1 and 2 show 
views of the instrument itself. 

The receiving apparatus, consisting of tuned circuit, 
amplifier and separate heterodyne, may be of any form 
suitable for receiving the particular signals required ; 
all this apparatus should be preferably shielded in a 
metal box, for this helps to prevent any direct action 
of the signal on the amplifier. 

The heterodyne signals should, if possible, be intro¬ 
duced into the last valve of the amplifier, as this ensures 
equality of effect on the dummy and aerial circuit 
. signals. ' • 

With this ajl^hratus it is possible to measure to about 
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10 per cent accuracy the actual E.M.F. induced in the 
receiving aerial by tl^ incoming signals (under all but 
exceptional, conditions of X’s). By providing suitable 
coils, the instrument can be made to cover a wave¬ 
length range from about 400 m to 30 000 m. 

The experience of the past two years has shown that 
it is nearly always possible to dispense with the dummy 
circuit and induce the homodyne signals directly into 



the aerial during the intervals when the transmitter is 
not sending. This procedure is certainly more accurate. 

In the first place it avoids the error consequent on 
the dummy circuit being not quite identical with the 
aerial; and it is difficult sometimes to ensure that 
the dummy circuit and aerial are even approximately the 
same. In the second place, when inducing direct into 
the aerial, the induced signal from the homodyne and 

Comparfettient C 



the incoming signals arje under the same conditions as 
regards jamming and strays, which is a great advantage 
in matching the two accurately. 

Calibration, capacity, mutual, effective height overall .— 

The aim or purpose of the instrument is to enable 
one to induce a knomn small E.M.F. in the common 
part of the aerial and dummy circuiit (see Fig^. 3) by 
means of the mutual inductance M. It is necessary 
then to know the E.M.F. induced! in the secondary,, ie. 
pMI, where p X frequency, M is the mutual 
inductance, and I is the current in -the primary of 
i.e. the intermediate eircuit of the sigTaal measuarememt 
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instrument. The frequency is determined by ordinary 
wave-l^gth methods (and can be compared accurat«:ly 
with any known standard). The current I is determined 
by measuring the maximum voltage across C, the inter¬ 
mediate circuit condenser, according to the relation 
^max. ~ ^P^max. 

Vfnax. is measured by the potentiometer slide-back 
method already described by one of the authors (Captain 
Round) in the Radio Review. 

Since there has been some doubt about the accuracy 
of the slide-back method of measuring high-frequency 


voltage,* we may refer here to a discussion of this 
mesisurement by Mr. Lunnon on page 304 of Volume 61 
of the Journal. It would appear from the above 
that the measurement of pressures above 10 volts 
is accurate to about 5 per cent, and that by making 
a constant known correction for each valve the accuracy 
will probably be quite sufficient for the purposes required. 
These considerations are further checked by an overall 
calibration of the measuring instrument, involving of 
course the signal voltage measurement. Tliis checks 
within the limits of the experimental errors. 

The capacity 0 is determined by substituting a known, 
calibrated, variable air condenser. In general it is 



ment, so that stray capacities can l^e neglected. 

The mutual inductance M was measured at low 
frequencies by comparison with a known, standard 
mutual inductance (Campbell patent type) and checked 
at higher frequencies by another method. It wsCS pos¬ 
sible to neglect the effect of mutual capacity between 
the primary and secondary, since in- all cases the 
primary of M formed only a very small fraction of the 
self-inductance of the intermediate’ circuit. Mutual 
inductances covering two ranges are shpwn in Fig. 4. 

' ♦ E. B. Mo^uir; Joumd I.E.E., 1923, vol; 01, p, 296. 



Fig. 3. 
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«, of the known quantities the E.M.F. induced 

1.1 the aerial could be calculated from the formula: 

„ 2 616 MCV 


where M is in microhenrys, F is in volts. O is in micro- 
laruas, and A is the wave-length in metres. 

I Ills giv'es the E.M.F. induced in the dummy circuit 
or aerial, which is made equal to the E.M.F. induced 
by the signal in the aerial (F say). 

In order to infer the amplitude of the field of the 
wave, the elfective height of the aerial must be known. 
bor if i; is the voltage per cm in the wave and h is the 
etfecti\'e height in cm, then Wh = total \oltage induced 
by the signal in the aerial, i.e. F, or = F/A. 

[ft*dive heights ,—The quantity we wish to measure 
i^» by definition, the ratio between the actual voltage 
iiiiluced in the aerial, which can be measured directly 
by means of the signal measurement instrument, and 
the actual field strength JS, in volts per metre say, in 
tlic wave-front. Perhaps the most satisfactory way, 
tlionrctically, is to measure JS? actually by means of a 
inline and compare it with a simultaneous measurement 
of F, the total voltage induced in the aerial. 

I. here! is little doubt that, within the accuracy required, 
tlus field strength JS can be deduced from voltage 
nieasiireineuts made witli a frame, when the frame 
dimensions are known and when suitable precautions 
arc taken. The relation between F and E is then 
V X ^ 27rAIiJ/X, where A is the area of the frame and 
A is the wave-length. 

The other method is to produce a known value of E 
by means of a .second transmitting aerial situated some 
litUts distance awa 5 ^ sending with a known current 
from an aerial of known effective height. Apart from 
the last dilTiciilty, we are dependent in this case upon an 
accurate knowledge of the transmission formula for 
transmission over semi-conducting earth. This know- 
Itidge is, as far as the authors are aware, lacking up to 
the ]uvsent, .so that any experiment depending upon 
this'metliod must be considered to be inaccurate to 
an extent proportional to the inaccuracy of the trans- 
ini.ssioii formula used. The correct method is doubtless 
thci former, and would be universally used were it not 
that it. is a particularly difficult measurement to make. 
The flilficuliy lies in the fact that it is almost impossible 
to CMisnre that the voltage measured is that induced in 
tim frame and that no difference of potential between 
the frame and earth is included in the measured value 


mental effective height of each. Briefly the method 
may be described as follows: 

Let A, B, C be any three radio stations. If A sends 
to B with a known transmitting current and B measures 
his received current, aerial resistance, wave-length and 
distance, then the product can be determined 

from the transmission formula, for 

XdBi 
~ T^i 

where the quantities are all known, namely, I the 
transmitting current, i the received current, A the wave¬ 
length, JR the resistance of the aerial, and d tlie distance 
apart of the stations. 

Now the ratio of to may be determined 
at C, for the relative strength of signals at A and B 
respectively depends on the ratio of the effective 
heights kj and the other quantities entering 
into the determination being observed or measured. 
The product and ratio of hj^ and both being known, 
the values of each, i.e. and kjj, may be separately 
determined. 

With regard to the accuracy of the Hertzian trans¬ 
mission formula, we have fortunately in the work of 
Sommerfield a very complete discussion of the field 
produced by a radially symmetrical transmitting aerial 
sending radio waves over the surface of a semi-conducting 
medium. A result that may be gleaned from this work 
is that the form of the transmission formula, i.e. AhII(Xd) 
is correct up to a distance which is large compared 
with the wave-length if the conductivity is sufficiently 
great. The determining factor is the quantity which 
he calls a, namely. 




where = 


+ ifitrn 


€ 5SS dielectric constant, 
fx = permeability, 
n s=5 frequency, 

2 j 2 ^ 

osi^— and aj 2 = — 
H *! , /^2 

O' = conductivity, 
r = distance, 


and the sufl5xes 1 and 2 refer to the air and earth re¬ 
spectively. 


of F* ^ He shows that in order that tlie transmission from 

A viiry syminetrical circuit must be arranged to ensure E = Ahl/(Xr) may hold, thje quantity a? must be 
that this '* vertical component'' is balanced out. With small compared with unity ; this quantity is approxi- 
rogard to tile .second method, which involves the trans- mately equal to 7 rr/[X(€^ -1- 27 n{ocA})], and is small in 
formula, no difficulty is experienced if we assume all practical cases for values of r equal to many wave- 
tltat the earth is i^erfectly conducting, for in this case lengths. 

WC 5 know definitely from the work of Hertz that the Unfortunately, Sommerfield's work is not in such a. 
E.M.F. can be calculated with sufficient, accuracy from form that A and h can be determined from tlie physical 
the formula E 1207 r^ J/(Ad), when d is more than a dimensions of the transmitter, so that we cannot assume 
wav^e-length. = 1207 r, as in the Hertzian formula. It will be- 

hi this case a method due to Commander Pession, observed that the error in the Pession three-aerial, 
of the Italian Navy, in which three aerials are used, method is an enor in scale, so to speak, occasioned 
can be successiully employed to ’determine the experf- by using the iWue 12 O 7 T instead of Aq, whatever it. 
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may be. According to the measurements we have 
made, however, the d^erence between and 12077 
appears to be too small to be measurable with any 
accuracy. 

The procedure was briefly as follows. The three-aerial 
method was used to determine the effective heights of 
aerials at Broomfield, Writtle, and the College 
(Rectory-lane, Springfield) respectively, assuming 
.4 q =2 12077. A frame aerial was then erected at 
Broomfield and the E.M.F. due to a signal from 
the Writtle aerial was determined by means of 
the signal-measuring apparatus. The observed value 
of E.M.F. induced in the frame was then compared 
with the E.M.F. calculated on the basis of the 12 O 77 
formula, with the value of the effective height of the 
transmitter, also determined on the assumption that 
the I 2 O 77 formula was correct. The agreement was 
satisfactory and therefore suggests that the 12077 
formula is sufficiently accurate for all ordinary practical 
working. With this preliminary we may go on to 
describe these tests more in detail. 

After the first instrument had been designed and 
calibrated by methods already described, during the 
early months of 1921 we turned our attention to the 
determination of the effective height of our receiving 
aerial, which was erected at Broomfield. Incidentally, 
this provided a check on the accuracy of the signal 
measurement instrument. Thus:—Suppose that in 
measuring the effective heights by the three-aerial 
method the transmitting aerial A employs such a large 
transmitting current that the received current in B, say, 
could be measured by ordinary methods, i.e. thermo¬ 
ammeter, or slide-back voltage across a known in¬ 
ductance, then the induced E.M.F. F = Bi, and the 
transmitting current I in the. transmitter A, could be 
measured by methods the accuracy of which is known. 
If now the transmitting current in A be reduced to 
such a value 2' that the received signal E.M.F. F' can 
be comfortably measured by the signal measurement 
instrun^ent, then the ratio of V' to I' should be the same 
as the ratio of F to J if the instrument is calibrated 
correctly. The value of V'lr in terms of F/J will 
constitute a check on the accuracy of the previous 
methods of calibration of M, O, etc. 

Experiments were carried out during March 1921 
with this double aim, and tlie results win be given briefly 
here. 

The three aerials used formed a triangle one end of 
which was at Broomfield, another at the College 
(Rectory-lane, Springfield), and the third at Writtle. 
The distances were taken from the ordnance map and 
were well over a wave-length in every case. The 
received currents were measured in each case by the 
following methods: 

(a) An accurately calibrated thermo-ammeter; 

(b) Slide-back voltage across a known inductance; 
and in all cases a satisfactory agreement was ob¬ 
tained. 

The resistance was measured by the slideTback method 
(the reduction in current on inserting a known resis¬ 
tance being noted) already described. The wave-length 
used was about 900 m. , 

The results obtained were as follows*^ 


(1) Effective height of Broomfield aerial 10'6m. 

(2) Effective height of Writtle aerial .. 10 * 6 m.<» 

(3) Effective height of College aerial .. 14-8 m. 

The calculated effective height of Broomfield aerial is 
16* Im (on the assumption that the earth is perfectly 
conducting); and that of Writtle aerial is 16*3 in. 

It will be seen that the observed values are in each 
case much less than the calculated values. This is 
no doubt largely due to the capacity of the aerial to 
the masts and stays; in tlie Broomfield aerial the 
central mast and stays are very close to the aerial. 

The Broomfield receiving aerial was modified later, 
first in order to avoid the central supporting mast and 
its uncertain capacity to the aerial, and secondly to 
make it simpler, more portable, and easier to erect, so 
that similar aerials could easily be erected elsewhere. 
This was to make comparative measurements possible. 

This aerial was held up by two 70 ft. steel section 
masts 200 ft. apart. It consisted of a single 7/19 
phosphor-bronze-wire horizontal member 180 ft. long, 
and a single vertical wire soldered to the centre of the 
horizontal member, forming a T. Recent measure¬ 
ments (on 4 700 m wave-length) show that the effective 
height is practically 14 m. This is the aerial on which 
all the more important measurements have been made. 

Radiation check on calibration .—^Writtle was chosen 
as the transmitting station. The receiving aerial was 
the original five-mast one erected at Broomfield. Signals 
were sent out by Writtle on a 6 160 m wave-length, 
the transmitting current varying from 0 • 2 to 0 • 6 ampere. 
The following table shows the actual E.M.F. (in micro¬ 
volts), the transmitting current /, and gives the actual 
E.M.F. observed and the calculated values. 


Table 1. 


Transmitting 
current, amp. 

Microvolts 

calculated 

Microvolts 

measured 

Ratio’ 

calculated 

0*60 

1 660 

1 470 

0*89 

0*40 

1 110 

1 116 

l*00o 

0*30 

832 

778 

0*936 

0*30 

832 

768 

0*910 

0*20 

554 

558 

1*006 


Further check .—A further check of the same set v/as 
made, using a frame receiving aerial in place of the 
vertical aerial at Broomfield. This aerial consisted of 
a rectangle,. 30 ft. high by 40 ft. long,*^ supported on 
two wooden masts 40 ft. high, stayed with rope stays. 
The frame was oriented so that the transmitting station 
at Writtle was in its plane. 

The effective area of such an aerial can be calculated 
with a fair degree of precision, and when the effective 
height of the transmitting aerial is known it should 
be possible to calculate with fair accuracy the E.M.F. 
induced in the aerial for a given transmitting current, 
according to the formula 

377^i2A7r 

^ 
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Pig, 5,—Chart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 13 May, to 1200 G.M.T., 
J4 May, 1921. Transmitting station. New Brunswick; receiving station, Chelmsford. 


Effective height of transmitting aerial * 75 m. 
Effective height of receiving aerial« 14 m. 
Distance = 5 420 km; wave-length = 18 000 ra. 
Current in transmitting aerial = 560 amjwrDS. 
Zenith angle = 48 • 78®. 
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Fig. 6. —Chart showing variation in strength and divergence from true bearing of received signals during 24 hours from 
1200 G.M.T., 19 May, to 1200 G.M.T., 20 May, 1921. Transmitting station, Marion; receiving station, Chelmsford. 

^nhxhili if ^ \tf-oooiBrf/yx . 

Effective height of transmitting aerial =* 76 m. Austin-Cohen formula: 12^^= V \sin?/ 

Effective height of receiving aerial =* 14 m. E.M.F. induced in receiving aerial ^ 248 microvolts. Mean daylight measured 

Distance -** 6 310 km ; wave-length ^ 11 600 m. .® Measured 


Current in transmitting aerial s* 380 amperes. 
Zenith angle** 47*71®. 
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Fig. 7.—Chart showing variation in strength of sisals during 24 hours from 1200 G.M.T., 23 May, to 1200 G.M.T., 24 May, 

1921. Transmitting station, Tuckerton; receiving station, Chelmsford. « yv 

. ^ n 877wft2*l ® vl/ioay*^A • 

Effective height of transmitting aerial^=s 100 m (assumed). Austin-Cohen formula:^ 2 ^ 2 v xSnfl/ gives 

E.M.F. induced in receiving aerial — 319 microvolts. Mean daylight measured 
Measured 


Effective height of receiving aerial** 34 m. 
Distance ** 6 620 km; wave-length =* 16 000 m. 


Current in transmitting aerial * 
Zenith angle*# 4ff*76®. 


400 amperes. 


value « 660 microvolts, • 


Austin-Cohen 


#2*07: 
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---- 

where h = effective height of transmitter, 

A = area of frame, 

A = wave-len^h, 
d = distance apart. 

This test was made on an 896 m wave-length, trajns- 
mitting current 2 • 0 amperes, effective height 10 • 6 m, 
^ = 2*96 km. The calculated value of the induced 
E.M.F. was 2 360 microvolts; and the observed value 
2 430 i: 130. But the test was extremely difficult and 
the whole circuit had to be balanced so as to eliminate 
the vertical component. 

These tests show that the accuracy of calibration is 
sufficient for the purpose. 

Original Experiments—American Stations. 

The first serious attempts to measure signals with this 
apparatus were made early in 1921. A more or less 
systematic set of measurements was made on signals 


Day Variations are fairly small but, as usual, night 
variations are considerable. ^ 

The ^transmission data for the three stations, as well 
as the mean day received E.M.F. in microvclls per 
metre, are given in I'able 2. 

Figs. 8 to 13 show a series of diurnal measurements 
made simultaneously at Broomfield and Girvan between 
July 6th and 10th. 

Signals are considerably greater at Girvan than at 
Broomfield, i.e. about 1| times as strong. This increase 
is due not only to the reduction in distance (see Table 3, 
coLs, 8 and 9) but also no doubt to land absorption 
across England and Ireland. 

A noticeable feature is that the night variations at 
Girvan and Broomfield run concurrently and, while 
the maxima and minima do not occur exactly at the 
same time, the form of the curve in the two cases is 
very similar for any given station. There appears to 
be very little relation, however, between the variations 


Table 2. 


Date 

Station 

Microvolts 
per metre 

Wave-length 

Tj'ansmission 

current 

Height 

Distance 

1921 


/itV/m 


amps. 

m 

km 

May 13-14 

New Brunswick 

63-5 




6 660 

„ 19-20 

Marion 

37-0 




6 310 

„ 28-24 

Tuckerton 

47-1 


HI 


5 700 


Table 3. 


Dale 

Station 

Broomfield | 

Girvan 

Wave-length 

Transmission 

current 

Height 

Distance from 
Chelmsford 

Distance from 
Girvan 

1021 


■MMjll 


km 

amps. 

m 

— 

. km 

Mav 4-6 .. 

New Brunswick 





67 


6 190 

»■ 6-7 .. 

Marion 



11-6 

630 

63 



8-9 .. 

Tuckerton 

Hh 

90-5 

16-0 ^ 


90 


H 


from the Radio Corporation transatlantic stations at 
Marion, New Brunswick, and Tuckerton, and latterly 
at Rocky Point. The period during winch these 
measurements were made was from May to practically 
the end of the year. Measurements were made at 
Broomfield, near Chelmsford, throughout the whole 
period, and also comparison experiments were made 
at various times at Girvan on the west coast of Scotland 
(near Glasgow), at Towyn in North Wales, and at 
Poldhu in Cornwall, respectively. 

The results of the original experiments made in May 
1921 were given in a discussion on long-distance trans¬ 
mission before the Institution,* but will be included 
here for the sake of completeness. 

Figs. 5, 6 and 7 show the result of a 24-hour test 
carried out as follows :— 

May 13 to 14, on New Brunswick; 

May 19 to 20, on Marion; and 

May 23 to 24, on Tuckertpn. 

♦ Jourml T.EM„ 1921, vol. 69,* p. 677. 


of two different stations; for instance, there is a very 
marked minimum on New Brunswick at 0300, while 
tlie signals in Marion show a peak between 0300 and 
0400. Perhaps the difierence is partly due to the fact 
that the curves were taken on different nights, although 
it is reported from Towyn that the minima at 0300 and 
0800 roughly are of regular occurrence on New Brunswick. 

A third series of tests was made simultaneously at 
Broomfield and Towyn (North Wales) enuring the period 
August 31 to September 9. Night readings were, how¬ 
ever, not taken and attention was confined to day 
readings, these being very much more''constant and 
reliable. The results are given in Table 4 and show 
the variations which may occur from day to day. 

The signals at Towyn are only slightly better than 
those at Broomfield, i.e. between 12 per cent and 
30 per cent. 

A final series of tests was carried out simultaneously 
at Broomfield and Poldhu (Cornwall). This acts as a 
check on the Girvan results, for Poldhu is as favourable 
• a site for reception as Girvan, there being no intervening 
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Fig. 8. —Chart showing variation in strength of received signals during 24 hours from 1200 4 July, to 1200 G.M.T., 

6 July, 1921. Transmitting station. New Brunswick; receiving station, Chelmsford. 



y ^/21 Time in hours G.MT 


Effective height of tnuismitting aerial b 3<76 m. 
Effective height of receiving aerial« 14 m. 
Distance — A180 km ; wave-length 13 GUO m. 
Current in transmitting aerial as 516 amperes. 
Zenith angle « 46 •04". 


Fig. 9. —Chart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 4 July, to 1200 G.M.T., 
6 July, 1921. Transmitting station. New Brunswick; receiving station, Girvan. 

» gives B.M.F. induced in receiving aerial*® 371 microvolts. Mean daylight 

measured value** f240 microvolts. 3»36. 

Austin-Cohen 


Austin-Cohen formula: l^li^ * 



Time in hours G.M.T. s'^'2i 


Effective height of transmitting aerial = 100 m. 
Effective height of receiving aerial ~ 14 in. 
Distance = 6 266 km; wave-length = 10 000 km. 
Cucroit in transmitting aerial <= 400 amperes. 
Zenith angle =* 47 *46". 


Fig. 10.—Chart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 8 July, to 1200 G M.T.,. 
® J^ly> 1921. Transmitting station, Tuckerton; receiving station, Girvan. 

Austin-Cohen formula: I^R^, ■* E.M.F. induced in receiving aerial =* 370 microvolts. Mean daylight 

measured value -* 264 micmvolts. ■ ■■ 3^. 

^ Austin-Cohea ^ 
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Fig. 11.—^Cliart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 8 July, to 1200 
9 July, 1921. Transmitting station, Tuckerton ; receiving station, Chelmsford. 


Effective height of transmitting aerial = 100 m. 
Effective height of receiving aerial» 14 m. 
Distance = 6 620 kra; wave-length = 16 000 m. 
Current in transmitting aerial 400 amperes. 
Zenith angle « 49*76®, 


Austin-Cohen formula: JjKg*= gives 

E.M.F. induced in receiving aerial 310 microvolts. Mean daylight measured 
1 Measured ^ 

value = 750 microvolts. .——;rT— =2*36. 
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Fig. 12.—Chart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 6 July, to 1200 G.M.T., 
7 July, 1921. Transmitting station, Marion; receiving station, Girvan. 


Effective height of transmitting aerial» 75 m. 
Effective height of receiving aerial == 16 m. 
Distance « 4 870 km; wave-length = 11 600 m. 
Current in transmitting aerial« 630 amperes. 
Zenith angle = 43*87®. 


Austin-Cohen formula: 


mh: 

' ‘ Xd 

E.M.F. kduced in receiving aerial <» 466 microvolts. 

t • IX Measured , 

value ■» 806 microvolts. : - , ~ 1*77. 

Austin-Cohen 


Mean dayhght measured 



e'y'21 hours Gr.M.T. t^T'zi 


Fig. 13.—Chart showing variation in strength of received signals during 24 hours from 1200 G.M.T., 6 July, to 1200 G.M.T,, 
7 July, 1921. Transmitting station, Marion ; receiving station, Chelmsford. 


Effective height of transmitting aerial 76 m. 
Effective height of receiving aerial 14 ro. 
Distance 6 310 km; wave-length » 11 500 m, ’ 
Current in transmitting aerial 630 amperes. • 
Zenith angle = 47*71®. « 


Austin-Cohen formula; I 2 II 2 - 


gives 


377^1*211^// « -0-OOlBd/v'X 
' M ^Vsiuey 
E.M.F. induced in receiving aerial» 846 microvolts. Mean daylight measured 

1 1 tx Measured 

^alue 670 microvolts. . 1* 94. 


Austiu-Coheu 
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land in kther case. These tests were carried out during 
the^ period October 11—19, 1921. ^ 

The results for the stations WQK (Rocky Pomt on 


The mean daily values of the E.M.F. at Poldhu and 
Broomfield are given an Table 5. ^ 

These results agree roughly with those obtained at 


Marion. 


Table 4. 
New Brunswick. 


Tuchcr1o>K . 


Date 

At Towyn 

At Broomfield 

Date 


At Brocmfield 

Date 

At Towyn 

At Broomfield 

1921 

liVfm 

juiV/m 

1921 

ftV/m 

ftV/m 

1921 

/iV/m 

ixV/in 

Aug. 31 

43-8 

42-0 

Aug. 31 

64-7 

‘ 69-3 

Aug. 31 

67-4 

69-6 

Sept. 1 

39*3 

40-6 

Sept. 1 

62-0 

54-0 

Sept. 1 

67-8 

65- 6 

2 

46-8 

42-9 

» 2 

83-0 

76-2 

.. 2 

76-6 

68-8 

3 

60-2 

37-0 

» 3 

82-6 


„ 3 

71-4 

50-0 

6 

46-0 

36-1 

„ 6 

72-8 

67-3 

6 

66-9 

62-9 

,, 6 

48*6 

38*3 

M 7 

70-6 

76-2 

M 0 

64-1 

44-3 

„ 7 

47*7 

40-8 

„ 8 

76-0 

69-6 

,, 7 

67-6 

M 8 

44-4 

39-4 

„ 9 

72-2 


„ 8 

62-0 

46-3 

9 

44‘2 

37-9 

Mean 

7^ 

66-0 

M * 9 

67-3 

48-6 

Mean 

42-32 

36-49 

Mean 

68-0 

64-0 


Table 5. 

Glace Bay, Marion. 


Date 

At Poldhu 

At Broomfield 

Date 

At Poldhu 

At Broomfield 

1921 

pVim 

/tV/m 

1921 

juiV/ni 

/iV/m 

Oct. 12 

30-0 

9-8 

Oct. 11 

91-6 

51* 9 

» 14 

30-0 

7-86 

12 

84-6 

60-7 to 52-9 

„ 16 

26-3 

7-60 

„ 13 

81-4 

52-7 to 65-2 

„ 17 

28-1 

7-43 • 

M 14 

80-8 

61*1 

„ 18 

27-1 

6-61 

» 16 

90*7 

61-2 

o 19 

27-7 

7-29 

„ 17 

82-2 

66-4 


— 

— 

„ 18 

74-3 

46-0 

Mean 

27-8 

7-34 

„ 19 

76-0 

50-6 



_r 

Mean 

82-8 

61-4 


■ New Brunswick. Tuckerton. Rocky Point. 


Date 

At Poldhu 

A t Broomfield 

Date 

At Poldhu 

At Broomfield 

Date 

At Poldhu 

At Broomfield 

1821 

Oct. 11 

/xV/m 

89-6 

IxYfm 

76-0 

1921 

Oct. 11 

fiWfm 

101 

fxV/m 

61-1 

1921 

Oct. 11 

/xV/m 

126-7 

/xV/m 

94-5 

13 

97*6 

77-6 

.. 12 

95-6 

69 to 61-1 

.. 12 

142-1 

106-4 

» 14 

83-6 

63-2 

„ 13 

106 

49-3 

.. 13 

139-0 

102-0 

.. 16 

87-8 

72-2 

14 

105-3 

69-1 

.. 14 

134-1 


.. 17 

. 91-4 

84-3 

16 

108-2 

60-6 

.. 16 

146-6 

107-3 

,, 18 

81-0 

67-0 

17 

107-3 

69-7 

.. 17 


107-5 

19 

82-2 

64-5 

.. 18 

92-4 

50-2 

.. 18 

122-3 

93-3 




„ 19 

102-4 

64-2 

1 Q 

133-3 

108-2 

Mean 

87-6 

70-5 

,, 19 

Mean 

102-4 

66-7 

Mean 

135-6 

102-9 


Long Island) and Glace Bay (GB) (valve set) are included 
here. WQK had started a service a short while pre¬ 
viously, and GB had also been changed from spark to 
continuous wave and was therefore available for measure- 
ments. 


Girvan, except in the case of Marion, the signals from 
which are considerably stronger at Poldhu.. 

This completes the systematic tests, but a series of 
sporadic measurements were made at Broomfield during 
November and IP^cember. These show a sudden and 
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very marked decrease in signal strength on all the 
American stations diyring the early weeks of November, 
and this persisted throughout the winter months. Day- 


seasonal variation in signal strength from the American 
stations as measured at Chelmsford. The ordinates, 
i.e. the signal strength in microvolts per metre, do not 



Table 6. 


Analysis of Signal Strengths in Microvolts per Metre for South Africa (Kalahas Kraal, Near Cape Town). 


Time 

LY 

iBordcaux 

WQL 

Long Island, 
U.S.A, 

WCI 

Tuckerton A 

WGG 

TucUcrtoii B 

WQK 

Long Island, 
U.S.A. 

UFT 

St. Assise 

MUU 

Carnarvon 

WII 

New 

Brunswick 

wso 

Marion 

(Max.) 

GUI 

Hanover 

0000 


43-5 

44*0 

37*4 

61*7 

93*1 


20*3 



0100 


61*8 

39*3 

15*0 

62*1 

36*0 


26*3 


24-2 

0200 


40*0 

42*3 

10*7 

69*4 





0300 

26'3 

41*2 

40*3 

20-7 

60*8 

26*7 


26*0 


10*2 

0400 

30-0 

42*2 



36*3 



18'3 



0600 


42-0 


28*6 

41*6 

38-3 


34*8 



0600 

49*4 

68*4 


40*2 

37*6 

• 22*4 

28*4 

16*1 



0700 


60*1 

24*4 


19*3 

10-7 


10*8 


9*6 

0800 


31*2 

26*4 

16-3 

26-6 

16*0 


11*6 


0900 

29-8 

15*9 

16*4 

14*6 • 

27*7 


4*64 

9*65 

10-0 

8*9 

1000 

20*9 

23*9 

« 

21*8 

26*4 

30*0 

4*07 

9*3 

11*4 

9*6 

1100 

23-1 

21*4 

16*7 

16*2 ’ 

23*2 


8*7 

16*5 

6*0 

9*0 

1200 

18*8 

18*6 

20*2 

17*4 

26*6 

28*4 

6*75 

13*4 

10*7 


1300 

22*7 

30*0 


20*8 

39*6 

27*7 



9-6 


1400 1 

17*3 

28*7 

21*8 


41*1 

31*1 


19*0 



1600 


29*6 


17*9 

42*4 

33*7 





1600 

22*6 

23*7 

23*6 


45*1 

28*4 


17*6 



1700 


• 


22*2 

33*6 

27*4 


13*6 



1800 


25*2 



30*0 

16*7 



♦ 


1900 


17*7 

16*0 

6*7? 

18*3 

23*8 


10*1 


20*3 

2000 


19*2 

12*2 

12*9 

25*4 

42*0 

7*96 

7*0 


2100 

27*1 

18*0 


14*2 

29*6 

44*6 

6*66 

7*8 



2200 

29*0 

29*7 


16*6 

28*9 

33*3 

9*8 

10*2 



2300 


42*3 

22*3 

16*6 

28*9 

36*0 


13*2 




light variations were also much more marked during I represent the actual signal strength received, the values 
the winter than in the summer. Tlj^ average‘measure- [ being corrected to bring them all to, the same metre- 
ments axe included in Fig. 14, which shows the « amperes, i.e. 1,40 000, so that the presentation of the 
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results is not complicated by individual peculiarities of 
the stations. 

r. 

South African Signal Measurements. 

Measurements of the signal strength of various stations 
were also made in South Africa, by Mr. L. D. Hill, 
with this apparatus during the summer of 1922. The 
actual period was Aug. 25 to Sept. 12, and therefore 


--—--r- 

diagram, the signals in this case being exactly twice as 
strong^ as with the vertical aerial alone when adjusted 
for maximum reception. 

The results are given in Table 6 and Figs, 15 and 16, 
and show the diurnal variations of WQK and UFT. 
The latter shows a marked minimum in the half-light 
half-dark period, which it should be noted only lasts 
for a brief interval since the stations are on nearly 



TIME (S.A.STANDARD-2HRS. IN ADVANCE OF G.M.T.) 

Fig. 15. —^Average signal strength of WQK at Kalabas Kraal (South Africa), August-October, 1922. 



Fig. 16.—^Average signal ^strength of UFT at Kalabas Kraal (South Africa), August-Qctober, 1922. 


represents late summer conditions in Europe and 
America, and winter or early spring conditions in 
South - Africa. 

The results were obtained with measuring and receiv¬ 
ing gear almost identical with that used at Broomfield 
and on the Australian Expedition, the standard aerial 
of 14 m effective height being used in conjunction with 
this. This aerial was generally combined with a frame 
aerial to give ft unidirectional or heart-shaped 


the same longitude. This minimum is not so marked 
on the American stations and is perhaps due to the 
fact that the half-light half-dark period was of con¬ 
siderably greater length. 

The numerical values of the oversea and overland 
attentuations derived from this material are discussed 
in greater detail later, but we anticipate these results 
so far as to point o\jt that the intensity of signals from 
European stations^*-for which the route is all overland^ 
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is approximately halved by the presence of this land, 
judging by the comparative strength of the American 
stations for which the path is all oversea. 


o 


aaxaw H3d sxnoAOHOivsi 
o o o O O o 

<o lo <») ca T- 



Liverpool to Auckland via Panama on 
S.S. Dorset/' 

The following is a discussion of the results obtained 
on the outward voyage of the S.S. “Doiset" from 
Liverpool to Auckland via Panama, 

Figs. 17 to 30 inclusive show tha observed values of 
microvolts per metre of effective •iSeight for various 


stations, plotted against the distance in kilometres 
from these stations at the times the readings were taken. 
The Vhlues obtained when both the S.S. " Dorset " and 
the station under observation were in daylight are shown 
as dots, and the night readings and readings taken when 
mixed light and dark conditions intervened are shown as 
crosses. Although some readings at distances greater 
than 13 000 Ion are shown as all daylight" readings, 
it is probable that although daylight extended to the 
North-East from the Dorset" to the transmitting sta¬ 
tions at these times, part orthe whole ofthesignalreceived 
was from the South-West, in which direction the great- 
circle path followed by the signal was chiefly in dark¬ 
ness, The curves are therefore shown dotted at dis¬ 
tances greater than 13 000 Ion. The hrst indication of 
any suhh reversal of signals was noticed on the 18th 
March, 1922, when in the Pacific Ocean at a distance 
of about 12 000 km from New York. The signals 
from the New York stations at certain times of the 
day, and especially when daylight e.xtended between the 
S.S, " Dorset" and New York to the North-East, became 
blurred and often (juite unreadable for several hours 
on the vertical aeri^ or a plain frame aerial, whereas 
they were quite readable on the heart-shape or uni¬ 
directional receiver. On the latter it was found that 
the signals at these times were actually received from 
both directions simultaneously, i.e. from the North- 
East and also by the long great-circle route of about 
28 000 km from the South-West. The signals at these 
times on the vertical aerial had a sound similar to that 
given by two continuous-wave signals of slightly varying 
frequency interfering with one another. Observations 
taken at these times on some of the curves have been 
marked as variable due to " beats." This reversal of 
signals w’as also noticed on the signals from the European 
stations, and a similar effect was noticed at about tlie 
same time in Rio de Janeiro by tlie party carrying 
out expeiiments at that place. In this case Cavite in the 
Philippine Islands was the station on which the effect 
was observed. Where the S.S, "Dorset" approached 
and^then receded from a given station, the observa¬ 
tions are distinguished by a circle round the points on 
the curve. In some cases the diftraction curves have 
been added for comparison with the observed readings. 

In Fig. 27 the majority of the stations measured are 
shown on the same scale, and relative signals may be 
seen at a glance. 

In Fig. 28, for Honolulu, the arrows through the ’ 
points denote the direction from which signals were 
received at the times the observations were taken, taking 
the top of the chart as North, and it will be seen that 
the signals received from the West are'fef greater values 
than signals at similar distances received from the North. 
This East and West effect is described^ore fully in 
another part of the paper. 

Melbourne ,—After noting the reversal of signals, as 
described above, on the S.S. " Dorset " in the Pg^cilic, it 
was expected that the same would take place at Mel¬ 
bourne, and this was found to be the case. Except 
in the case of Bordeaux all the European stations reached 
two maxima or peak values as shown in the curves, one 
between sunrise at the European station and sunset 
at Melbourne when signals were from the South-East,. 
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via the Pacific, which route was mostly in darkness 
at that time, and the other peak between sunset at the 
European station and sunrise at Melbourne, when the 
shorter great-circle route via the Indian Ocean to the 


hood of Melbourne. The majority of these curves 
give the average of observations e 3 ftending over a. period 
of four months from the autumn to the spring in Aus¬ 
tralia, and as the times at which the “ peaks * occur 




North-West was in darkness. The same reversal took 
place on the signals from New York. 

P'igs. 31 to 49 inclusive show the average curves for 
diurnal variation of signal strength in microvolts per 
cnetre for various stations observed in the neighbour-'' 


vary with the seasons, tlie peak values appear more- 
variable and extend over rather a longer period than 
they would if taken over a period of only a few days,, 
although considerable variations in the peak strengths- 
do occur from d^f^ to day. The manner in which the 
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peaks vary with the seasons is shown in Figs. 38 and 44, between 0400 and 0700 G.M.T. appeared to be rather 
whilst Fig. 37 shows the variation in the signal strength lower than the winter values. 

of Carnarvon for one day. In Fig. 31 it will be seen that signals from Bordeaux 




Fig. 26. 

Note : For ** curves, multiply the scale reading by 10, 


Figs. 32 and 43 give examples of summer conditions on 23 400 m have no maximum between 0400 and 0800 

and it will be seen fhat the signal strengths are very G.M.T. as in the case of the other European stations, 

similar to the average winter values,-•though on some and signals on the unidirectional receiver were at this 

occasions the peak values of some EliTopean stations thne always stronger from the North-West, whereas 

VoL. 63.^ ' 63 






signals from the other European stations -were always 
either equal at these times or stronger from the South- 



3000 7 000 9000 II000 

DISTANCE IN KILOMETRES 

Fig, 28. 


East, and, in tha case of Carnarvon, Nauen and Hanover,^ 
were entirely firom the South-East ipt three or four 


hours. That this difference in behaviour of signals 
from Bordeaux is due to the long wave-length of this 
station compared with the other European stations 
appears to be borne out by the following observations 
on the New York stations. Figs. 40, 42, 46, 46 and 
47 show that while Coram Hill (WQL) having the longest 
wave-length of the New York stations reaches very 
much higher values of signal strength from the South- 
West than from the North-East, and Eocky Point 
and Tuckerton are also stronger or about equal in the 
case of the latter, the New York stations of shorter 
wave-length, New Brunswick and Marion, are always 
strongest from the North-East. The times at which 
the signals from New York change over also vary with 
the wave-length^^ the stations of longer wave-length 
always remaining from the South-Wdsterly direction 
after the shorter-wave stations have changed to the 
North-East, and changing back again to the South- 
Westerly route before the shorter waves. Owing to the 
above, in Melbourne at certain times two stations, both 
in New York, are received one from the North-East 
and the other from the South-West. At these change¬ 
over times New Brunswick was always more variable 
and appeared to hesitate about changing from one 
direction to the other for a longer period than ^e 
other stations, and this often had the effect of making 
the signals more readable than the other New York 
stations at these times, owing to the gain which a’ 
bi-directional signal had over a unidirectional signal 
when the unidirectional signal was from a similar 
direction to that of the atmospherics at the time. 

At times when •the signals from the New York and 
European stations were bi-directional, the beats as 
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escribed above were observed, and these were especi- 
Qy marked in the case of UFT (Paris), signals from 
lis station being often quite unreadable, due to this 
ffect, for several hours a day on a vertical aerial or 


daylight signals, and were very variable in strength. 
The maximum signals received were always at sunrise at 
Honohilu. Signals from this station were always from 
the North-East only, as were signals from KET (San 




frame aerial, but always readable on the heart-shape 
or unidirectional receiver. These beats were also ob¬ 
served on signals from Honolulu at Perth (Western 
Australia) and various places in the Indian Ocean on the 
homeward voyage.** 

As shown in Fig. 48, signals from-Honolulu during the 
all-dark period never reached the average of the all- 


Francisco) (see Fig. 40), the curves for these two 
stations bemg very similar in form. 

Rocky Point and Honolulu being in much tlie same 
direction to the North-East of Melbourne, and the wave¬ 
lengths of these stations being very similar, it was not 
always easy to distinguish one station from the other 
' between about 0800 and 1200 G.M.T. when both signals 
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were received from the North-East, but from about 
20fl0 to 0200 G.M.T., owing to the reversal of the signals 
from Rocky Point and to the fact that the signals from 
Honolulu did not reverse, Rocky Point was received 
on one side of the heart-shape receiver with no trace 
of Honolulu, while Honolulu was received on the other 
side with no trace of Rocky Point. 


taken at Perth (Western Australia) over a period of about 
five weeks during the summer. The aerials used at Mel¬ 
bourne and Perth were identical. Comparing these curves 
with those taken at Melbourne, it wdll be seen that 
Bordeaux (Fig. 60) was only heard from the North-West, 
and in the case of the other European stations (Figs. 61 
to 64) signals were always stronger from the Nortli-West, 



Fig. 31. 

Note : Effective height« 12 metres. 



2400 0400 0800 1200 1600 2000 2400 

C.M.T. 


Fig. 32. 

Note : Effective height = 12 metres. 


Fig." 41 gives an idea of the relative signal strengths 
of WQL (Coram Hill) on either side of the heart-shape 
receiver, i.e. from the North-East and from the South- 
West at and near one of the two change-over periods. 
The strengths of signals on the vertical aerial are given at 
the same time as those obtained on the heart shape. 

Perth. —^Figs. ^0 to 69 inclusive show average curves^ 


but were audible from about 0600 to 1000 G.M.T. 
from the South-East also. At these times beats" 
were sometimes observed. It should be explained 
that a bi-directional signal is not always accom¬ 
panied by ** beats ; and the extent to which these 
beats " occur, apd the consequent mutilation of the 
signals, varies fr#Hi minute to minute. Also the worst 




PARIS (UFT) 
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34.—^At Koo-Wee-Rup. , 30 

: Effective Height - 12 metres. . Effective height - 12 metres. 
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beats " do not necessarily occur when the signals that on Tuckerton is greatly reduced in comparison witb 

received from the two opposite directions are equal in the peak from the South-West, arlthough Perth is not 

strength ; and bad mutilation was often caused when much more than 1 000 km from the antipodes of New 

the signals from one direction were quite weak compared York. Ta*king the shorter-wave stations, New Bruns- 



2400 0400 0800 t20O 1600 2000 2400 

G M.T 


Fig. 37.— At Koo-Wee-Rup. 
Note : Elective height ■■ 12 metres. 



G.M.T. 

Fig. 38.—^At Koo-Wee-Rup. 

Note ; Effective height» 12 metres. 

with those from the opposite direction. Comparing wick and Marion, the peak on the |ormer station from 

the New York stations at Perth and at Melbourne, the South-West is actually lower than the peak at this 

it will be seen that the peak on Rocky Point and Coram^ time in Melbomji5, and the latter station was never 

Hill from the North-East is almost noij-existent, whilst heard entirely from the South-West. In this connection 
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it should be noted that owing to the proximity of Perth to 
the antipodes of New York there was a difference of 
20® or more between stations which, although generally 
spoken of under a general heading of New York stations, 
are actually some distance from New York. The 
bearing of Marion, for example, being only 30® East of 
North at Perth may introduce an effect which is in some 
manner connected with the East and West effect de¬ 
scribed elsewhere. Signals from Marion were not 


Honolulu (Fig. 59) was heard from the Soutif-West at 
certain times of the day, the signals from this dire^ion 
being*of equal strength to those from the North-East for 
about two hours of the day, but never stronger than 
those North-Easterly. The average all-dark signals 
from the North-East on this station were stronger 
at Perth than the average all-daylight signals, and 
although the all-daylight signals were considerably 
weaker than those at Melbourne, the all-dark signals 



C.M.T/ 

Fig. 39. 

Note : EiSective height»12 metres. 



Fig. 

Note : Effective height» 12 metros. 


audible over a long enough period to enable sufficient 
data to be obtained for a curve. This also applies to 
KET (San Francisco). The latter station was heard 
on one occasion from the South-AVest, although for 
two or three hours during the all-dark period signals 
from the North-East were usually comparable with those 
heard at Melbourne. In general, although the all¬ 
daylight signals from the European stations were fairly 
constant, peak values of the all-dgxk signals were very 
variable. 


were actually on an average as strongs as, or stronger 
than, those at Melbourne, and, as at the latter place, 
signals reached a peak at sunrise at Honolulu. 

Melbourne to London on S.S. Boonah.*' 
Figs. 60 to 79 inclusive give the attenuation curves 
for various stations obtained on the homeward voyage 
on the S.S. Boonah,” by way of Adelaide, Perth, Wynd- 
ham, Colombo and Suez. The figure at the beginning of 
this paper (see p. 934) shows the daily positions for the 
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outward ajid homeward voyages on the S.S. " Dorset ” 
and S.S. “ Boonah.*' 

Ag. 67 for Leafield on 12 300 m shows a marKed in¬ 
crease in signal strength near Colombo with the decrease 


AV 



2400 0400 0800 1200 

G.M.T 

Fig. 41,—At Koo-Wee-Rup. 

Note : Effective height » 12 metres. ’ 

in the amount of land traversed by the signals in India. 
This increase was noticed in this neighbourhood on 
other European stations. 

Bordeaux (Fig. 61) was only using a wave-length of 


West coast of Australia during which no signals were 
heard from this station. 

The New York stations (Figs. Tl^^to 74 inclusive) were 
heard between Perth and Wyndham only from the 
South-South-West, and there was a period of several 
days between Wyndham and Colombo during which 
no signals were heard from the New York stations, 
this period corresponding to the time at which the 
great circle between the S.S. Boonah and New York 
was over or near the North and South Poles. The loss 
of signals over this period was probably due to the fact 
that under these conditions the signals have nearly 
always to traverse a path over which tliere is a mixture 
of light and darkness. The arrows show the direction 
from which the signals were received at the times observa¬ 
tions were taken, assuming the top of the page to be 
North. The wave-length of Coram Hill (Fig. 71) 
was changed from 19 000 to 17 COO m shortly before 
leaving Australia. 

Unfortunately, Rocky Point worked very little when 
all-daylight conditions intervened between the S.S. 
" Boonah and this station, and it was not possible to 
obtain a curve from the few readings taken. 

Honolulu (Fig. 75), as stated previously, was only 
received from the North-East at Melbourne, but was 
bi-directional for some hours a day at Pertli. At 
Wyndham there were only occasional traces of signals 
from tlie South-West. Between Wyndham and Colombo 
signals were bi-directional for several hours a da/ with 

beats,*' but after leaving Colombo signals were only 
from the West and later from the South-South-West. 
When this station was last heard in the Red Sea, signals 
were received from about North, the great-circle bearing 
being very near the Polar Circle, and although the dis¬ 
tance was actually becoming daily less by this route, 
no further signals were heard. 



18 000 m, so. that no comparison could be made with 
signals fronv this station obtained on the outward 
voyage, during which the wave-length was 23 460 m. 
\The beat effect was.very marked .on »signals from Car- 
'parvon (Fig. 65) whilst crossing the Australian Bight, 
and there was a period of several days along the North- 


Signals from Cavite (Fig. 76) were lost between 
Colombo and Aden, the attenuation being greater than 
for the West to East signals received from this station 
on the S.S. Dorset.** A portion the attenuation 
curve obtained in the Pacific is given on this curve for 
comparison. 








^ AT 60 FT. ACTUAL HEIGHT 
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General Observations. 

* Observations were also made both on the outward 
and-homeward voyages and also in Australia, of the 
signal strength in microvolts per metre which would 


Bearings of Signals. 

Bearings obtained on the Bellfni-Tosi direction finder 
in Australia on the long-distance stations, both in 
Europe and in America, were found to be remarkably 



Fig. 46. 

Note ; Elective height »■ 12 metres. 


be required on various wave-lengths at any time and 
under the varying atmospheric conditions from day to 
day to ensure perfect readability. 

The observed readability of various stations at these 


accurate and constant. It was only on very rare occa¬ 
sions that any variation of bearing was observed due to 
the well-known night effect. Even during the change¬ 
over periods at times when signals were bi-directional, 



Fig. 47. 

Note : Effective height« 12 metres. 


times was also estimated both on the vertical aerial 
and on tlife heart-shape receiver, so that the gain of the 
latter over the vertical aerial could be obtained at any 
time, this gain, of course,, being dependent on the rela¬ 
tive directions of signals and atmospherics. These results 
are not included in this paper. ^ 


the bearing remained accurate and unchanged. The 
nearer stations such as Cavite suffered very much more 
from tliis night effect, and it was of fairly frequent 
occurrence on signals from Honolulu. This effect, 
which had been noted before this voyage was undertaken, 
frequently butfnot invariably occurred simultaneously 
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with an increase or decrease of signal strength due to 
interference effects. « 

Day and Night Variations. 

Fig. 80 gives typical curves of day and night varia¬ 
tions. Generally "speaking, it may be said that the all- 


and sunset at the other station. In the examples shown 
this is jibout half way between sunrise at the European 
station transmitting and sunset on the S.S. ** Boonah.*' 
There is always a minimum of signals at the times 
when it is half light and half dark between the trans¬ 
mitting and receiving stations. The minimum value 




Fig. 49.—^At ICoo-Wee-Rup. 
Note: Effective height« 12 metres. 


daylight signals approximate to a straight line, provided 
that the daylight ^tends over a long enough period. 
When the hovprs of daylight become less, this straight 
line, as shown in Fig. 80, becomes a c^^e having a peak 
value at about midway between sunrise at one station 


reached by the signals at these times vaii^ from day 
to day, but in some cases appears to be fairly constant. 
The all-dark values are very variable, and although it 
may generally be said tiiat the all-daxl^, sisals at some 
time during the,night will usually be greater than the 
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Fig. 60. 

Note : Effective height « 12 metres. 



Fig. 61. 

NoteT Effective heiglit = 12 metres. 



Note : Effective height« 12 metres. 
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Fig. 66. 

Note : Effective height ss 12 metres. 



Fig. 67. 

Note : Effective height =■ 12 metres. 



Rg. 58. • 

Note : D doubtful. Effective height *=* 12 metres. 









MEASUREMENTS MADE ON SIGNAL STRENGTH AT GREAT DISTANCES. 963 


daylight signals, there are certain stations from which, 
at certain places, the average all-dark signal is consis¬ 
tently less than thd* all-daylight signal. There are 
some cases, e.g. Honolulu and San Francisco at Mel¬ 
bourne {Figs. 48 and 49), in which there is almost in- 


very great distances such as the reception of the European 
stations at Melbourne, where it may be said there will 
always be a peak value at the all-dark period. At tfiis 
distance, however, this period can hardly be termed an 
all-dark period, as sunset at the transmitting station is 



Fig. 59. 

Note i Effective height *= 12 metres. 



Fig. 60. 


variably a peak connected with sunrise at the trans¬ 
mitting station, and there are also examples of peaks 
of regular occurrence on other stations which appear 
to be connected definitely with sunrise at the receiving 
station; but as regards the all-dark period there appears 
to be nothing in any way definite, %5cept possibly at 


followed very shortly by sunrise at Melbourne, and 
conditions in this case do not appear to have time to 
become so unsettled. Although smooth curves have 
been drawn in most cases for these peak values at 
Melbourne and Perth, giving an average value oyer 
"a long period of observations, more "*or less definite 
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vaiiatiftns do occur during these peak times and may¬ 
be attributed to local effects due to sunrise and sunset 
at*the transmitting or receiving stations. • 

Effective Heights. 

The effective height of the aerial on the S.S. '' Dorset 
was obtained both by calculation from the actual 


f 

to an aerial of which the effective height had pre- 
viousl}^ been obtained by experiment at Chelmsford. In 
these cases the height was again f2 m. 

On the S.S. Boonah the effective height was ob¬ 
tained by calculation from the aerial dimensions, and also 
by a comparison of the E.M.F.'s measured on signals from 
the various stations with the values measured on shore 


Scale A Scale B 




dimensions of the aerial, and also by a comparison of 
values,of E.M.F. obtained of signals from the New 
York stations in the Irish Channel simultaneously with 
values obtai/ied at Chelmsford, allowing for -the absorp¬ 
tion over England, the value of which had previously 
been found from tests made at Towyii, Poldhu, Girvan 
and Chelmsford. This effective height was taken as 12 m. 

At Melbourne and Perth the aerials used were similar ^ 


at Melbourne, Perth and Poldhu, the S.S. Boonah*^ 
being near these places on the homeward voyage. 
In the case of Poldhu, the American stations were used 
for the coniparison. A value of 17 • 6 m was obtained 
for this aerial. 

All distances on the voyage from Liverpool to Auck¬ 
land have been worked out by Mr. Cunningham, Senior 
Wireless Of&cer o^ the S.S. Dorset,*' and those on the 
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return voynge t>y Mr. Allnutt, who assisted in 3,11 experi" 
ments on the expeditioji. 

Atmospherics. 

Atmospherics were observed to be of two main types 
—clicks and crashes. The former have a sound similar 
to that produced in a receiver by a single lightning 
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tinuous atmospherics noted chiefly in or near the tropics 
during the afternoon. Although there has been 
tendency in the past to treat grinders as a type of 
atmospheric distinct from clicks and crashes, there is 
no doubt that these grinders are merely a very great 
number of clicks and crashes occurring together over a 
large area. 



70 
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50 
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30 
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flash. Crashes may be of any duration from, say, 0-6 
second to 5 seconds. The longer crashes lasting for 
several seconds aRpear to be connected with local 
temperature changes and squally weather, and were 
observed at Melbourne in the spring Sqd autumn. 

The term *' grinders ” has been applied to the con- 

voL. ea. 


There is one other quite distinct type of a^tmospherio 
known as ** fizzly ** which often accompaniv..s rain anc 
hail squalls. This type produces a continuous hissing 
sound in the receiver, and is only present when showers 
of rain or hail having charged parhdes are near or 
"actually in contact with the aerial. 

aA 
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It was found that, apart from purely local storms 
yjhich may occur in any part of the world from day to 
day and at any time of the day, atmospherics were 
always produced over large areas of land in or near the 



tropics, Tile number of these atmospherics produced 
over these land areas reached a maximum at about 
3 p.m. local time at any place in those areas, the numbers 
decreasing towards sunset, reaching a minimum in the 
early hours of the morning and increasing again to the* 


maximum about 3 p.m,, when continuous atmospherics 
or grinders ** were heard. Thecplace of origin of these 
grinders was observed to vary with the seasons, being 
in the Northern hemisphere during the summer in that 
hemisphere, and in the Southern hemisphere during 
the summer in the Southern hemisphere. During 
the Northern summer these grinders are mostly produced 
in Northern Africa, Arabia, India, Burma, Siam, the 
South of China, Mexico, and South America North of 
the equator. 

During the summer in the Soutliern hemisphere the 
majority of the grinders originate in Southern Africa, 
Australia and South America. The numbers produced 
appear to be proportional to the area of the tropical 
land, and no grinders are produced over the oceans. 

On the homeward voyage of the S.S. ”Boonah,'" 
during the summer in the Northern hemisphere, a large 
number of bearings were taken showing very clearly the 
movement of these grinders westward with the sun. The 
bearings shown on each map were all taken at about 
the same G.M.T. on various days during the voyage 
and have been corrected for the great circle. All the 
bearings in Fig. 81 were taken between 0700 and 0800 
G.M.T. and show the origin of the grinders to be in 
Southern China when it is about 3 p.m. there. The 
clicks at this time are only few in number and indehnite 
in the Mediterranean where it is early morning, but are 
increasing in numbers in Persia and Northem> India 
with the approach of the grinders, which are seen at 
their 3 p.m. maximum in Afghanistan some three hours 
later (see Fig. 82). 

By this tinie the clicks are decreasing in numbers in 
Southern China after the passing of the grinders* maxi¬ 
mum there. Fig. 83 shows the conditions some three 
hours later when the grinders in Northern Africa aire at 
their height, and Fig. 84 some seven hours later shows 
the grinders* origin in the North of South America and 
Central America. It is not easy to observe the South 
American grinders until the decrease with, night of 
the clicks and crashes from Northern Africa, which, at 
this time of the year, is an enormous atmospheric- 
producing centre. After the American grinders there 
are no more produced until 0700-0800 G.M.T., when 
the cycle is repeated, commencing again with Fig. 81, 
this absence of jprinders from about midnight until 
0700-0800 G.M.T. being due to the absence of land 
areas in the Pacific Ocean. 

Bearing’S obtained on the grinders at Melbourne and 
Perth during the Australian summer intersected about 
the centre of tropical Australia, as .shown in Fig. 81, 
during the afternoon there. These Australian grinders 
became less and less to'warcls ^sunset, the clicks and 
crashes forming them becoming less and less in number 
during the night and finally reaching a minimum about 
sunrise. With the diminution of these Australian 
grinders, a further series of grhiders was heard from the 
direction of South Africa (see Fig. 83), reaching a 
maximum frequency about 3 p.m. local time in Soutli 
Africa. 

The results just described were obtained during 
December-Februaryat Perth and Melbourne. Between 
midnight and 0700 G.M.T. small continuous atmospherics 
were frequently ^observed at Melbourne in a South-. 
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Easterly direction, and there is not much doubt that 
these atmospherics originated in the North of SoTith 
America. These South American atmospherics were 
less in numbers than at their 3 p.m. maximum some 
hours previously, but became more noticeable at Mel¬ 
bourne with the increase of darloiess between Melbourne 
and South America over the Pacific. It was found that 
atmospherics increased in strength witii darkness m 
the same manner as signals, and in several instances 
there appeared to be fading periods on atmospherics at 
a time when half-light and half-dark conditions inter¬ 
vened between the receiving station and the source of 
the atmospherics. This fading would not be as marked 
as that on the signals, due probably to the fact that the 
atmospherics originated over a large area and would not 
all reach a minimum at the same time. 


than on the shorter wave-length of, say, I®*®®® ' 

This fact was an additional aid in the separating of tte 
various sources. In the same manner, at times at 
Perth when the Australian atmospherics and the longer- 
distance African atmospherics ware present 
ouslv, a bearing taken on atmospherics on 10 000 m 
would be North-East and one taken on 20 000 m would 
be South-West, the near-by atmospheric predominatmg 
on the shorter waves, and the longer distance predomi¬ 
nating on the longer wave-lengths. Generally speaking, a 
lengthening of the wave-length enabled atoospherics to 
be heard from over a larger area. The bearing on the uni¬ 
directional receiver on a near-by atmospheric-producing 
centre covering a large area was always less <ieh^e 
than that on a similar source at a great distance, ^ci 
the most difficult conditions for observations were when 

Scale B 



These Soutli American atmospherics heard at Md- 
boume, being opposite in direction to those from toe 
Australian Continent.were difficult to distinguish from toe 
latter on the unidirectional receiver, as on rotating toe 
moving coil of this receiver to what would be the minimum 
of one source of atnjospherics, atmospherics from the 
opposite source are received at maximum inte^ity. or, 
in other words, there is no minimum obtainable at my 
position of toe rotating coil. This also applies to the 
African atmospherics received at Perth. The ex^tence 
of toe two sources may, however, be proved by tne, 
fact that toe bearing or minimum on toe frame or bi¬ 
directional receiver is very marked at th^e •^es, 
whereas the bearing or minimum on the unidirectional 
receiver is almcJt non-existent. These atmosphencs 
received from great distances were»always ““““. 
on the long wave-lengths of the' Tirder of -0 000 m 


two sources were present simultaneously m directions 
at right angles. Under these conditions it was mly ' 
possible to distinguish the two source by s^e chffe - 
Lee in the sound or the frequency of the atinosphenM 
from the two sources. The maximum mtensi^ of the 
African atmospherics received at Perth was found to 
be some two or three hours after their maxumim fre¬ 
quency at 3 p.m. in Africa, or at a time^hen darkness 
extended between Perth and Africa. . „ 

Information regarding toe microvolts per metre re¬ 
quired to read torough atmospherics in various (Sections 
was obtained on the unidirectional receiv^at Alelbourne 
and Perth, and also by another expediuon in South 
America, and ratios were obtained of these reada¬ 
bilities in various directions at dift^ent tim^ “ 
the dav. These results have not been pubhsli^ 
this’ paper. In similar work earned out by the 
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expedition to South America, the African and South a local thunderstorm did not affect the readability of 
American sources of atmospherics were very •clearly weak signals to the same extent^ as near-by grinders, 
marked. This expedition recorded local origins of "Whereas in the former case letters would only be 
atmospherics in the mountains near Rio. In Australia, obliterated at intervals by lightning hashes, in the latter 
on occasions, the mountains of the Dividing Range case all traces of the signals would often be entirely 
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DISTANCE IN KILOMETRES 

Fig. 73. 



DISTANCE IN KILOMETRES 
Fig. 74. 


in the neigl^ourhood of Sydney appeared to be the 
origin of bad local clicks. These local clicks were also 
observed in the neighbourhood of Java on the return 
journey, and in the neighbourhood of the Ab 3 ^ssinian 
mountains, both^^of which districts ore known to be 
thunderstorm centres. It was found general that 


buried by the continuous grinders. Local storms at 
Melbourne appeared to be most prevalent during the 
spring and autumn at the change offseasons, and their 
effects were superimposed on the regular diurnal changes 
occurring in the i^jinders, differing from the latter in 
that they mi^ht occur at any time and in any direction. 
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Figs. 86 and 86 show the diurnal variations m the 
bearta^ of atinosphmcs as noted at Rio de Janeho 
bv the partv observing there, and by the Australian 
pkrty at Melbourne and Perth. These beings are 
for the month of February when the sun is in the Southern 
hemisphere. At midnight G.M.T., 3 p.m. local time 
in the Pacific, there is no grinder maximum, and 
there are the remainder of the clicks at the South 
American centre and a few from the African centre. 
In Australia the clicks from the local centre are very 
few due to its being earl 5 ’^ morning there, and the remain- 
der of the African clicks from the whole of that centre 
received at Perth and Melbourne as small continuous 
clicks are decreasing with the extension of daylight over 

the Indian Ocean. i 

At 0300 G.M.T. the production of atniospnencs is 

at a minimum'in Africa with sunrise there, ^d nothing 
is heard from the latter centre either m Austr^ia or 
Rio. In Australia the clicks are increasing with the 
approach of 3 p.m., and at this period small continuous 
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and the South American clicks are developing into 
grinders which reach a maximum about 1800 G.M.T. 
The African grinders are now less in numbers but at 
their maximum intensity in Australia, due to its bm^ 
dark all over the Indian Ocean. By 2100 G.M.T. 
the Australian clicks are at their sunrise minimum 
of production, the African small continuous atmosphracs 
are still in evidence, and the grinders at the Amenc^ 
centre are decreasing. The latter are not yet noriceable 
at Melbourne, due probably to the fact that it is daylight 
all over the l^acific. 


Attenuation. 

In developing a theory to explain this mass of material, 
the variability of the data should always be borne in 

mind. . , 

It is not possible to say that the signal strengtli at 
a given place will remain constant even when all the 
known factors, such as aerial transmitting current. 



atmospherics are frequently observed from the direction i 
of South America where tlie clicks are still m evident. 

At 0600 G.M.T. the Australian grinders are at then 
maximum. The small continuous elides axe still 
audible from the South American centre as darkness 
extends ovex the Pacipc, but these clicks are becotnmg 
less with tlie approach of sunrise fontb Amenc^, 
until finally at sunrise there, at 0900 G.M.T., they 
disappear. By this tiijie the grindrars are becoinmg less 
in Australia and are commencing m Afacxi. By 
1200 G.M.T. the Australian grinders are decrea^g 
and thinning out into less and less cmtinuous ch° 
and the small African grinders, which by this tune are 
near their frequency maximum, become noticeable in 
lustralia andV. At the same time the cheks axe 
increasing at the South American cehtre. At 1600 
G.M.T. rather stoilax conditions prevail, but me 
Australian clicks are fewer though of greater intensi y 
due to night propagation; tiie -^^can 
of greater intensity also due to the increase of darkness. 


effective height, nature of the intervening ground, etc., 
remain constant. 

Apart from the more or less regular dinmal chang^, 
there are accidental changes which m 

cases amount to a large fraction of the mean E.M.F. 

to be measured. _ ^ 

This accidental variation is, as is well Known, espeaal y 
great when the ray lies entirely in the cl^k hemisphere, 
a nd for this reason it,is necessary to obtain a v^ large 
number of night readings before they can be 
order. As it was impossible to keep a r^lax -4 bon 
watch on. the trip, the night readings obtained 
regarded merely as samples from which only httle 
information can be obtained. ' 

Day readings, on the other hand, axe.very much 
steadier, and although at great distances th«re a 
marked diornal change (even when the ray is ^hoUy m 
Ught), isolated values do not vary from the mean to an 

extent comparable with the night readings, to gen^ the 

‘ day value wiU be chosen for comparison with the 
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theoretical value, except where otherwise explicitly 
stated. It is well t<j emphasii:e the fact that isolated 
observations should be viewed with distrust. 

In the case of the attenuation curves the values taken 
from a smooth curve passing through all the day readings 
will constitute the observed value. A certain amount 
of latitude in drawing the smooth curve is possible, of 
course, but the accuracy of the results does not warrant 
any elaborate mathematical process for determining this 
mean curve exactly, and the labour entailed would be 

prohibitive. . . 

Choice of comparison formula ,—In our opinion 
there does not seem to be very much doubt about the 
choice of formula for comparison. 

Although Austin’s formula, which expresses the signal 
E.M.F. in the form 

1 2077/1/6““'^/ 

E (in volts per cm) -- 
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foimuliB will give information regarding tlie nature 

of the transmission, for it will be shown that the vaJ^^ 
derived from (a) fall short of the observed results, and 
we must therefore abandon the hypothesis that the 
waves travel round the earth without the aid of a reflect- 
ing layer, and compare the results with the formula 
(b) to see how nearly the assumption of a well-defined 
reflecting layer is justified. 

The formula? in question are :— 

Diffraction formula,* 

0-6366Ihe-2«"/^‘ 

SI (in volts per metre) --Ar(ihil)i 

where h = effective height of the transmitter (in 1cm), 

A = wave-length (in km), 

J = transmitting current, 

0 _ zenith angle between transmitter and receiver. 
(b) ReflecHon formula ,—^The absolute value of this is 
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has received the sanction of use, it is admittedly of a 
semi-empirical nature, and although it might be useful 
as a means of calculating signal E.M.F.’s it can give 
no information with regard to the nature of the trans¬ 
mission of signals, beyond the fact that it either agrws 
or does not agree with.the observed facts. On the other 
hand, we have in the work of G. N. Watson two very 
explicit formulae, which we may call the dittraction and 
reflection formula; respectively, from which a great 
deal of information may be derived. These two for¬ 
mula enable one to calculate the observed E.M.F. s m 
the idftal case of a transmitter situated on the surface 
of the earth and sending signals to a receiver at any 
other point, («) wl}en there is assumed to be no reflecting 
layer, and {b) when there is assumed to be a well- 

definal reflecting layer. " 

The comparison of the observed results with these 


not given by G. N. W^atson, but he shows that the E.M.F 
consists of terms of the form 

, \[B sin 0)* ^ 

where d is the dista.nce (Bd] and the other quantities 
are as given in the previous formula, .and ^ 

= resistivity of the upper layer, 
resistivity of the earth, ^ 

— height of layer above the eiirth, 
c = velocity of light, 

== permeability of upper medium, ana 
= permeability of earth. 

* Van der Pol : Phtiosopkiccd Afagazine, 
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Comparison with diffyaction formula .—The theoretical 
MRlues derived from. (</), the diffraction fornyila. are 
on some of the curves in Figs. 17 to 30, as well as the 
actual values obtained on the S.S. “ Dorset ” in the 
Atlantic. 

The absolute values depend on the assumed values of 
the effective height and transmission currents of the 
sending stations. The values assumed are given in 
Table 10. In some cases the assumed values of the 
effective height may be open to a certain amount of 
doubt, but they are not likely to be more than 15 or 
20 per cent in error. In any case this doubt does not 
affect the main result, that at distances greater than 
about 2 000 km diffraction alone is wholly inaderiuate 
to explain the observed results. At smaller distances, 
however, the observed and calculated curves are in 
better agreement, and at 300 or 400 km distance the 
observed values are only slightly in excess of the calcu¬ 
lated ones. 

These results, as before stated, drive us to the assump¬ 
tion of some form of reflecting layer. The effect of 
reflection, it would appear, begins to be important at 
distances of about 700 km, and at distances greater 
than about 2 000 km the effect of diffraction alone is 
wholly insignificant and Watson's second expression, 
i.e. the reflection formula, should be applicable. 

Physical meaning of formula .—Before describing 
the results of this comparison, it would be well to make 
a digression and explain the physical meaning of Watson's 
second formula, given in (/:) above. 

The similarity between this and Austin's formula is 
very great. The exponential factor is of the same form, 
but the factor AIhl\\{R sin 0)^1 is different in respect 
of the denominator, w'hich is proportional to (sin B)^ in 
W'atson's formula. 

The radiated energy, which is proportional to 
varies as l/(iJ sin 0) in the Watson formula, and as 
sin^ 0) in the Austin formula, where, since it varies 
.inversely as the square of the distance, it represents j 
a spherically expanding wave. In the former case the 
xadiated energy, except for the exponential factor, 
varies inversely as R sin 0. This is the appropriate 
factor for the transmission of energy between two circular 
shells. The intersection of these by a cone of angle 6 
will form a ring of area 2'irHR sin 0 through which the 
•energy must be radiated, and since the energy flow per 
unit area is AI(R sin 0) the total flow through any two 
:such rings, namely 

^ . A. 

ir’i—S 2'rrHR sin 0 

Rsm 0 m 

is constant, except for the losg represented by the 
•exponential factor. 

With regard to tlie attenuation factor, this, it will 
be observ»’ed, is of the same form as in Austin's formula, 
but the attenuation constant a in Watson's formula, 
instead of bemg an empirical constant, is a function of 
the resistivities of the two layers and the distance 
between tlfem. The greater the resistivity of either, 
•the greater is the attenuation. On the other hand, the 
•greater the distance apart of the layers the less is 
the attenuation. This is because the energy is not 
frittered away so quickly when the distance between the** 


layers is large, so that tliere is more energy to draw 
from. r 

It is interesting to note that a plane, or approxi¬ 
mately plane, wave travelling between two flat surfaces 
which are the same distance H apart, and of the same 
resistivities and p^, suffers the same attenuation as 
the above.It follows tliat the slight curvature of 
the earth's surface has no perceptible effect upon the 
attenuation; the bounding walls merely act as guides 
and take their quota of energy independently of their 
curvature. 

To sum up, Watson's formula expresses the fact that 
the energy is guided between the inner and outer sphere 
and is attenuated on account of the loss in the bounding 
walls, this attenuation to the first approximation at 
least being independent of the curvature of the surfaces. 

To put the expression in a form suitable for calcula¬ 
tion, we have assumed that E can be expressed in the 
form 

A(d0JiJ sin 0)^ 

in which the interference due to tlie several terms in 
Watson’s expression has been neglected, for reasons 



to be given later, and in which the semi-empirical 
distance has been introduced. The quantity 
must be of the dimensions of a distance to fit in with 
the other dimensfons of the formulaT If all the energy 
emitted is assumed to be radiated uniformly through 
any annulus PQR (see Fig. 87) the distance d^ will 
be 3H/2, where H is the height of the layer. 

For the energy radiated is 

40{27r)2;i2(J,.^.3.)2 

2A2 ^ 

Also the energy radiated through the annulus is — 

47rc 

ergs per unit area, or —--watts. The area of the 

47rc 

annulus is 27rHR sin 0, i.e. the energy radiated through 
the annulus is 

E^ X IQr-'^R sin 0 


J- J- T-o-soHin " Recent Reaearchea 
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Equating tlie two we get: 

* nOnhl 
'' A[(3/2)flE sin 01* 

and do = 3H/2, neglecting the absorption factor. 

The value of do so obtained is obviously too smaU, 
since it assumes that the whole of the energy arrives at 
OPQ, and it is nrobable that the energy radiated almost 
vertically near the transmitter will escape or be lost 
in the semi-conducting layer. 

• 

Comparison of the Observed Results with 
Formula, 

The procedure is as follows : The value of JS, the 
signal strength in microvolts per metre, for every 500 km 
is taken from the smooth curve, and the logarithm of 
this is added to the logarithm of (2? sin for this 
distance. If is of the form 


voyage between Newport News and Panama, and the third 
those between Panama and New Zealand, but excluding 
those that were taken at distances greater than about 
12 000 km from the transmitter. During the Atlantic 
voyage the course of the ship followed approximately 
the direction of the great circles from the transmitting 
stations, so that the results should not be complicated 
with the variations caused by changing ray directions. 
At the same time the rays were practically wholly over 
sea, and the effect of land absorption should be prac¬ 
tically absent. . 

The actual mean values of a have been determined for 
the 10 stations given in Table 7. 

Table 7. 

European Stations. 


JB = 


X(doRsmd)^ 


/120Tr7iI\ , — ad 

then log (B sin 0)* log B = log ~W" 

This quantity plotted as a function of d should be 
a straight line, the slope of which is — o/A*. The value 
of A being known, it is possible to determine the value 

The results at great distances are complicated by 
transmission both ways round the world, as described 
in the earUer portion of tliis paper, but this effect should 
not be appreciable at distances less than about 12 000 km. 
We may take 10 000 km, or one-tiuarter of the circum¬ 
ference of the world, as a safe limit. 

It will be obvious from even a casual glance at the 
attenuation curves obtained on the voyages of the 
S.S. "Dorset” and "Boonah” that the attenuation 
varies from place to place and may even vary wth the 
direction of transmission. In view of this the instan¬ 
taneous value of a. i.e. the slope of the curve, should be 
plotted as a function of the distance for all distances. 

OWing to the variability of the data, however, the 
mean values of the slope for distances less than about 
2 000 km are very ill determined, so t^at it is necessary 
to take the mean value of the slope over at least 4 000 or 
6 000 km before a reliable determination of a can be 
made. Another source of confusion is the fact that 
the total attenuation may not be a function of the 
distance alone but may vary with the dir^on of the 
ray. For instance, if the course of the ship is inclined 
at ^ angle to the great circle joining the ship and the 
transmitting station under consideration, the change of 
signal strength with distance does not necessarily give 
the " instantaneous value ” of a but also includes 
the change of the “ mean value " of a with the direction 
of the ray. In view of these considerations the observa¬ 
tions on the voyage of the S.S. " Dorset ” have been 
divided into three parts, in each of which the valuM 
of o appear to be ^ufl&dently constant to determine it 
fairly accurately. The first group comprises those 
observations taken on the AtlanticT voyage, i.e. from 
Liverpool to Newport News; the second those on the 


Station 

X 

a 

Bordeaux (LY) 

km 

23-46 

0*00223 

Hanover (OUI) 

14-7 

0-00193 

Carnarvon (MUU) .. 

14-1 

0-00183 

Nauen (POZ) 

12-6 

0-00144 

Stavanger (LCM) .. 

12-0 

0*00181 

r \ AAi crO 

Rome (IDO) 

11-0 

0*00158 

Clifden (MFT) 

6*8 

0-00193 


Mean = 0*001802 ± 0*000112 
= (1*8 db 0*112) X 10-» 

American Stations, 


Station 

X 

a 

Rockv Point (WQK) 

km 

16-45 

0*00135 

Tuckerton (WGG) .. 

16-0 

0*00133 

New Brunswick (WII) 

13-6 

O' 00163 

Marion (WSO) 

11-5 

0-00148 

Mean = 0*00142 ± 0*000033 



The European and the American stations have* been 
grouped separately because there appears to be a real 
difference in the mean values of a for the two groups. 
This difference, 0*00038 (0*00180 - 0*00142), is more 
tvian three times the probable error of either group and 
can therefore be considered to be a real and not an 
accidental difference due to the uncartainty of the 

readings. '' , 

Apart from this difference, which coTnes as rather a 
shock to our preconceived notions of ^reversibility in 
optics, and which will be discussed in grater detml 
later, the value of a is practically independent of the 

wave-length. , . \ . j. 

In the curves (Fig. 88) o is plotted against wave¬ 
length; except for LY on a 23; 45 km wave-leng^, 
which has an excessively high value of absorption, the 
values are very approximately constant. 

For transmission across the Atlantic tbe ohs^ed 
values axe in good agreement with a formula of the 

A(JS sin d)i 
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i.e. a formula of the reflection type; and we may 
t^^erefore conclude Avith a fair degree of cerlaint}'- that 
transmission takes plaxe in the space between tI5,e earth 
and an upper conducting layer. 

The voyage from Newport News to Panama being 
only about 3 700 km affords no very well-determined 


r ---— 

ment above must be taken with a certain amount of 
reserve. 

The European stations also show no very marked 
change of. a for this portion of the voyage. The results 
are included therefore with the previous transatlantic 
values, and the figures given above refer to the mean 
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values of a. The direction of transmission from the 
Amertcan stations is nearly due South and the points 
obtained he close to the curve already obtained for 
transatlantfb transmission. Transmission southwards 
from the neighbourhood of New h''ork is therefore 
practically the same as West tojfast transmission. The 
distance, however, is hardly sufficient to disclose 
any small changes in attenuation, so that the state-* 


value for the whole voyage to» Panama. The change of 
angle of the ray from the European stations is only of 
the order of a few' degrees and has therefore little effect 
on the attenuation. 

Transmission in the Pacific. 

European staiimfs .—The ray from Carnarvon during 
the voyage between Panama (7 700 km) and Pitcairn 
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Island (14 000 Ion) in the Pacific crosses only an insig¬ 
nificant amount of land in the region of the narrow part 
of Mexico. In direction also the ray remains within the 
limits traced out by the great circles to New-Yorh and 
to Panama respectively, which include an angle of 
approximately 10’’. This is also approximately true 
of the other European stations, so that the determina¬ 
tions of attenuation of the European signals for this 
path should not be complicated to any great extent 
by the effects of land absorption or variations in the 
direction of the ray. 

On the other hand, the rays from the American 
stations vary considerabl}^ in direction as well as in the 
amount of land over which they pass. Ihe two groups 
of stations will therefore be considered separately as 
before. Unfortunately Stavanger, Rome and Clifdeii, 
the shorter-wave stations, dropped out of the observa¬ 
tions soon after Panama, the signals being too weak on 
.account of the cumulative effect of absorption on these 
•short waves. Bordeaux, Hanover, Carnarvon and 
Nauen were the only European ones remaining. 

The attenuation constants determined in the manner 
previously described are given in Table 8. 

^ T.\ble 8. 


Attenuation in tlie Pacific, 


Station 

Wave-length 

a 

Distance 

Bordeaux (LY) .. 

km 

23-46 

0-001243 

km 

11 000 

Hanover (OUI) .. 

14-7 

0-000822 

11000 

•Carnarvon (MUU) 

14-1 

0-000868 

15 000 

Nauen (POZ) 

12-6 

0-000890 

16 000 

Mean value =; 

0-000966. 



The values of a so determined are practically only 
half those calculated for the transatlantic voyage, a 
result which is certainly very surprising. 

These results are reflected in Rig. 89, in which the 
ratio of the observed results to those calculated from 
the formula 

1207re“*^A 

X(dQR sin 0)^- 
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the relatively large signals obtained, and we are driven 
to the ^assumption that there is an actual decrease ^f 
attenuation in the middle latitudes of the Pacific. 

In confirmation of this we may consider the attenua- 
•fcion curves of Darien (NBA) and Cavite (NPO). 
has rather a short wave (10 000 m) and a high initial 
absorption, but it steadies after 4 000 km and is nearly 
constant between 4 000 and 10 000 km, with an attenua¬ 
tion value ec^ual to 0*00115. If we include this first 
4 000 km the mean attenuation constant is 0*00138. 
Whichever value we take, it is considerably smaller 
than the value 0*00180 for transmission in the Atlantic. 

Cavite (NPO) was only measured between 9 000 and 
12 000 km and the attenuation constant is not very 
well deteimined. It lies between the limits 0*00065 
and 0*00082, and certainly upholds the view that the 
attenuation is small in these regions. 

Honolulu (KGI) shows a variation of attenuation 
with the direction of the ray, signals transmitted in a 
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Fig. 90. 


South-Easterly direction being stronger than those 
transmitted to the same distance in a Southerly or South- 
Westerly direction. The mean attenuation in • the 
South-Easterly direction is 0*00128, but the range is 
short; in the South-Westerly direction the range is 
still .shorter and no verj^- definite value of a can be 
obtained. 

New York stations ,—The transmission of signals from 
the New York stations in the Pacific is complicated by 
the effects of varying land absorption and varying ray 
direction, but they all undoubtedly show a low value 
of attenuation in the Pacific, i.e. about 0»00114. 


{in which a is assumed to be 0*0016) is plotted against 
distance. Up to a distance of about 8 000 km the 
agreement is very fairly good, but beyond this tlie 
observed values rapidly increase, and at distances of 
about 16 600 km the pbserved values may be as much as 
five or six times the calculated values. If, however, we 
■assume an abrupt change in tire attenuation constant 
at Panama tlie calculated results for the voyage beyond 
this will all be much greater, and the curves show that 
a very fair agreement is obtained if we assume that a is 
•0*00095 in this region (Fig. 90). 

As mentioned before, long-distance transmission 
takes place in both directions round the world and no 
doubt part of the "relative increase of signals is due to 
•signals coming the other way round fhe world, but as will 
be seen later this effect is not sufficient\o explain entirdy 


Return Voyage of S.S. ** Boonah.*’ 

The signal strength curves have been shown in Figs. 60 
to 70, and these can be treated in the same m^^ner 
as the observations 4^aken on the S.S. Dorset, a,nd 
1 the attenuation constants determined. Jn connection 
with the results of this determination certain 
broad facts mav be noted. In the first place, the 
measured values "of the signal E.M.F.'s of the European 
stations at great distances, say about 10 000* Icm or 
more, greatly exceed those measured on the S.S. 

Dorset at the same distance, in spite of The fact that 
much of the transmission in the case of the S.S. 

Boonah" was overland. At short distances from 
the transmitting stations the measured values in micro- 
" volts per metre agree fairly clpsely, so That the attenua- 
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^ 

tion suffered by the signals travelling West to East 
during the voyage of §ie S.S. Boonah must be very 
considerably less than that experienced on the S.S. 

Dorset “ trip. The voyage of the S.S. Dorset'' 
took place during January, February and March, and 
the return voyage on the S.S. Boonah during June, 
July and August, so that the effect may be a seasonal 
one ; but we are inclined to think this unlikely because 
the measured signals in Australia show no seasonal 
variation, and transmission of signals in the West to 
East direction received in Australia both from Europe 
and America is better* than that in the opposite 
direction at all times. This is possibly an example of East 
and West effect, as it may be called, a further example 
of which is given in the case of the transatlantic signals, 
for which the attenuation constant for West to East 
transmission is considerably less than that found for 
East to West transmission. 

In confirmation of this East and West effect we may 
cite the case of tlie signals from NPO, which are charted 
in Fig. 76. This figure shows the signals received 
on the S.S. “ Dorset in the Pacific, to tlie East of 
the station, and also the signals received on the S.S. 

“ Boonah ” during the return voyage, to the West of 
the station. It is obvious, even from a casual glance, 
that the latter are much more attenuated than the former, 
the values of the attenuation constants being 0* 00190 
for East to West transmission and about 0*00071 for 
transmission in the opposite direction. 

The observations taken on the S.S. ** Boonah ** are 
complicated by land absorption, but neglecting this for 
the present we may determine the overall absorption 
coefficients between the limits of 2 000 and 10 000 km. 
These are given in Table 9. The instantaneous values 
of a, as well as the mean values of a for each station, 
show a remarkable constancy, and in view of the fact 
that the amount of land traversed by the rays varies 
very considerably both with the position of the trans¬ 
mitting station and with the ship's position, we are 
justified in assuming that variations in overland ab¬ 
sorption are not very marked at distances greater than 
about 2 000 km. These attenuation constants are shown 
in Fig. 91. 

The attenuation factors for signals transmitted from 
the American stations appear to be more variable and 
to increase with an increase in the** frequency. The 
determination of the attenuation suffers very markedly 
from the fact that the ray direction from the S.S. 

Boonali " varies rapidly with the position of the ship, 

. and when the latter is about 14 000 km from New York 
the rays pass over the North and South Poles and no 
signals at all are received from these stations. This 
effect will be discussed more fully when considering long¬ 
distance transmission. 

This completes the discussion on attenuation up to 
the relatively short distances of 10 000 km or so.. The 
results are a little difficult to summarize, since they 
obviously indicate that the attenuation constant , varies 
with the position of the ray on the earth's surface, 
probably even with the direction of transmission of 
the ray, and possibly .with the season. The results 
obtained on the two voyages, and«those obtained in 
South Africa and South America, arei'hardly sufficient 

VOL. 63. 


to chart the world in respect of the value of the 
attenuation constant. We think, however, that 4 t 
may be* safely assumed that the transmission formula 

•v-:— 3-1 is a fairly good approximation for over-sea 

a{R sin a)» 

transmission, and that the value of a is approximately 
independent of the wav'e-length, but depends on the 
locality and direction of the ray. 

It was definitely proved that it was not possible to 
account for the observations by the effect of diffraction 
alone, and the Heaviside layer theory w’as therefore 
invoked. The obser\'ations are in good agreement with 
this theory if we assume that the nature of the layer, 
i.e. height, conductivity, or gradient of conductivity, 
varies from place to place on the earth's surface. 


Table 9. 


Station 

Wave-length 

a 


km 


UFU. 

19*3 

0*00111 

LY . 

18*8 

0*00114 

YN . 

16*6 

0*00091 

GUI. 

14*7 

0*00101 

UFT. 

14*5 

0*00109 

MUU. 

14*1 

0*00100 

POZ. 

12*6 

0*00111 

GBL. 

12*3 

0*00113 

LCM. 

12*2 

0*00118 

sue. 

11*0 

0*00101 

UFZ. 

103 

0*00106? 

Mean = 0*00107 


American Stations. 


Station 

Wave-length 

A 


km 


WQL^. 

17*6 

0*00116 

WGG. 

160 

0*00075 

WII. 

13*6 

0*00133 

WSO. 

11*6 

0*00172 

Mean = 0*00124 



Absolute values of formula.So far we have only (Es- 
cussed the form of the transmission formula^n relation 
to the observed results. The absolute value depends, as 
we** have seen, on the arbitrary distajpce in the 
expression 

B (in volts per metre) = 

where d>Q is some function of the height nnd conductivity 
of the layer, and possibly of the wave-length. W© may 
obtain the values of d, necessary to adjust the formula 
to give correct mean results when we know->the values 
of transmitting current, effective height of transmitter, 
wave-length and d. 

In the case of the observations made on the S.S 
Dorset we haye,.by the courtesy of Mr. Alexandersor 

66 
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of the Radio Corporation of America, the logs of the 
t;^.nsmitting currents of the stations WQK, WGG, 
WII, and WSO, as weU as the Pacihc statioifs KET 
and KGI. 

Signals from Carnarvon (MUU) were made at specified 
times during the outward voyage, and the transmitting 
currents were noted. 

Table 10. 


Values of 


station 

Corrected mean 
transmitted 
current 

Wave-length 

Hifective 

height 

<^0 

WQK .. 

A 

Wm 

m 

km 

600 

16-46 

90 

461 

WGG .. 

— 

16-0 

67 

—, 

WII 

560 

13-1 

67 

726 

WSO 

680 

11-6 

60 

1240 

LY 


23-45 

150 

337 

MUU 

300 

14-1 

76 

635 

LCM 


12-3 

75 

910 

GB 


7-85 

40 

2 600 

MET 

150 

5-8 

60 

2 660 


The values of given in the table are obtained in 
the following manner. We have 

^ __ i7(obs.) (R sin 
hi 

All the values on the right-hand side are known. 
d^Q is calculated for every 1 000 km and the mean value 
t^en. The value of a is the mean of the trans¬ 
atlantic determinations. The values of do are plotted 
as a function of A in Fig. 92. 

The values of do obtained on the home voyage are 
complicated by land absorption, but allowing for this, 
in a way specified later, the results in Table 11 are 
obtained. • 

Table 11. 


Values of d^. 


Station 

Wave-length 

h 

J 

do • 

UFU 

1cm 

m 

A 

km 

19-3 

160 

600 

310 

LY 

*18-8 

160 

600 

360 

OUI 

14-7 

— 


446* 

UFT 

•‘14-6 

160 

600 

426 

MUU 

14-1 

76 • 

300 

680 

POZ 

^ 12-6 

140? 

350? 

400? 

LGM 

12-2 

76 

260 

660 


, The values obtained all lie slightly below the previous 
ones, but in both cases the points lie fairly well on a 
smooth curve (Fig. 92). 

The measurements made during 1921 in England of 
the signals from the American stations WGG, WII 
and WSO are‘interesting in this connection. These^ 


measurements were made before the Australian Expedi¬ 
tion was projected, and thereforp before any attenua¬ 
tion curves had been taken. Even then, in the absence 
of any experiments, we were inclined to favour, on 
theoretical grounds, a transmission formula of the 
Watson type, and the results obtained were accordingly 
used to determine the values of a and d^ in the formula, 
assuming a constant value of d^ for all wave-lengths 
between 11 *6 and 16 km. The mean results obtained 
during the summer months were a = 0-0016 and 
do s= 360 km, and Table 12 gives the ratio of observed 
to calculated results. 

With these values of a, do, and j8 = 0 - 006 the ratios of 
observed to calculated values are given in Table 12. 
j3 = land absorption coefficient (see later). 

Table 12. 


(At Broomfield.) (Ratio of observed!calculated.) 


Station 

Wave- 


Test number 


length 

D 

B 

B[ 

4 

Glace Bay 


B 

B 



Marion 

11*6 


0-963 


0-910 

New Brunswick .. 

13-6 

1-098 

1-166 

1-664 

1-640 

Tuckerton 

16-0 

0-932 

1-02 

1-098 

0-916 

Rocky Point 

16-46 

— 

— 

— 

1-306 

Mean 


1-017 

1*043 

1-082 

1-126 


Station 

Wave- 

Test number and place of test 

length 

(2) Girvan 

(3) Towyn 

(4) Poldhu 

Glace Bay 

km 

7-8 


0-827 

1-16 

Marion .. 

11-5 

0-66 

0-682 

0-707 

New Brunswick 

13-6 

0-976 

1-076 

1-015 

Tuckerton 

16-0 

0-974 

0-983 

1-014 

Rocky Point .. 

16-46 

— 

■— . 

1-030 

Mean — 

• 

' 

0-835 

0-866 

0-986 


Test No. 1 at Broomfield, near Chelmsford, May 6 to 24, 
1921. 

Test No. 2 at Broomfield and Girvan, July 6 to 10. 

Test No. 3 at Broomfield and Towyn, Aug. 31 to Sept. 9. 
Test No. 4 at Broomfield and Poldhu, Oct. 10 to 19. 

These results refer to the ratio of the mean observed 
result to the mean calculated result throughout each 
test. (Bay values alone are included.) In view of the 
later confirmation of these values on the expedition 
of the S.S. ** Dorset,the results are remarkable. The 
aissumption of a constant value of d^ is inclined to increase 
the apparent value of a, so that the summer value of 
a may be either equal to or less than the winter valu^. 

In the light of the measurements made on the S.S. 
" Dorset" and S.^. " Boonah,*' which show that d^ 
varies approxim'S.tely as 1/A, the American summer 
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results, obtained at Girvan and Poldhu, where they are 
not complicated by ^land absorption, have been re¬ 
analysed on the assumption that dQCcl/A, and the oversea 
absorption has been obtained. The results of these 
•deductions are a — 0*00138 and == 9 400/A approxi¬ 
mately, in which case the ratio of observed to calcu¬ 
lated signal strength is given in Table 13. 

Table 13. 


Ratio of observed]calculated. 


station 

Wave-length 

Girvan 

Poldhu 

Marion .. 

km 

11*5 

0-764 

0-878 

New Brunswick 

13*6 

1*025 

1*160 

Tuckerton 

16*15 

1*973 

1*004 

Bocky Point .. 

16*45 

— 

1*000 

Mean = 


0*921 

1*01 


The agreement is rather better than on the previous 
theory, and the value of a, i.e. 0*00138 for summer 
transmission, is slightly less than that for winter trans¬ 
mission, a = 0*00144. 

These measurements on the American stations were 
^continiied practically throughout the year and it was 
‘discovered that there was a very marked annual varia¬ 
tion, which is shown in Fig. 14, At the end of October 
■or beginning of November there is a very marked drop 
•of signal strength, which persists practically throughout 
the winter. This di’op in signal strength in the winter 
.months may be due either to a slight increase in the 
-attenuation in these months or to an increase in or 
it may be due to both. In view of the evidence that 
the value of is greater in winter than in summer (see 
JFig. 92) this latter effect is certainly present, but the 
magnitude of the change is not sufficient to account 
-for the whole difference between the winter and summer 
results. We think, therefore, that there is some slight 
-change in attenuation as well. 

Land Absorption. 

• 

The separation of the land absorption from the 
.atmospheric absorption is a matter of considerable 
difficulty. If the value of the over-sea or atmospheric 
attenuation had been sufficiently constant, i.e. the same 
for all points on the surface of the earth for all directions 
-of the ray, etc., it would have been a matter of little 
difficulty to calculate what the signal strength should 
be if there were no land absorption, and compare it 
with the actual result and attribute the difference to 
-overland absorption. For in general where the ray 
passes over a considerable amount of land the signal 
: strength is weaker than that calculated on the assump¬ 
tion that " atmospheric absorption '' alone is present. 
'The difference is due to the energy lost in transit over 
the land. Since, l:\pwever, the atmospheric absorption 
varies from place to place, it is difficult to know when 
•comparing transmission over sea w\tj^ that over land 
liow much of the difference to attribute to over-land 


absorption and how much to local differences of atmo- 
spheric^absorption. 

The comparison therefore entails a certain amount of 
guesswork in fixing the probable amount of atmospheric 
absorption, and the determination of the land absorption 
is open to a certain amount of doubt. A general survey 
of all the results obtained up to date will help to point 
out the main effects of the presence of land. In the 
first place, measurements in South Africa show that, 
metre-ampere for metre-ampere, the signal strengths 
of the European stations are about 50 per cent of the 
signal strengths of the American stations. The rays 
from the European stations are practically wholly 
over land, whereas transmission between New Vork 
and South Africa is practically wholly over sea. 

The difference is probably not entirely due to over-land 
absorption, for the direction of the New York-vSouth 
African great circle is slightly more favourable for 
transmission than the Europe-South Africa great circle. 
The latter is practically due South and the former is 
at least partly from W to E, a direction which we 
have found favours transmission. Assuming, how¬ 
ever, that the atmospheric absorption is the same in 
both cases, we get what is probably a slight over-esti¬ 
mate of the over-land absorption for the Europe- 
South Africa route. 

The average overall attenuation constant for the 
American stations WQL, WQK, WII, and WSO on 
the transmission route to South Africa is 0*00113, and 
is very well determined. Using this value of a for the 
European stations we get the values of the ratio of 
observed to calculated signals shown in Table 14. 

Table 14. 


Station 

Ratio 

M/K 

(/(land) 

1-Ianover (OUI) 

0*450 , 

0*800 

kin 

9 100 

St. Assise (UFT) 

0*430 

0*845 

9 000 

Carnarvon (MUU) .. 

0*436 

0*830 

9 600 

Nauen (POZ) 

0*508 

0*677 

9 100 


The atmospheric absorption of Bordeaux (LY) on a 
23*45 km wave being abnormally high, it is not included, 
but the signals are abnormally low, suggesting as before 
a large atmospheric absorption. 

If we assume that the land attenuation is*of the form 
the values of ^ are : 


Hanover 
St. Assise 
Carnarvon 
Nauen 


i3 

0*00129 

0*00136 

0-0t>121 

0-00129 


Mean 


. . 0-00129 


It will be noted that B is fairly constant. 

Short-Distance Land Absorption. 

Another set of fairly unequivocal determinations of 
,the land absorption can be obtained from measurements 
of the American stations in England ‘during 192L A 
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fairly accurate estimate of the atmospheric absorption 
has been made in transatlantic transmission. I 4 allow¬ 
ance is made for this in comparing the simultaneous 
results obtained at Girvan and Chelmsford, tlie absorp¬ 
tion of the ray when travelling over the 600 km of land 
included in the patli from New York to Chelmsford 
can be calculated. 

The curves shown in Fig. 93 are compiled from the 
data just cited. The value of 1/y is plotted against 
A, where the absorption factor is assumed to be of the 
form 6 This method is adopted since preliininary 
measurements suggest that yocl/A nearly, or 1/yocA. 
The results at first sight appear to be meagre, but it must 
be remembered that, in general, each point represents 
a large number of observations. 

It is fairly obvious from Fig. 93 that y is a function 
of d, the distance travelled over land, as well as of A, 
the wave-length. It will be observed tliat at distances 
greater than about 3 000 km yd is constant; this 
is shown in the curves of yd plotted against distance 
(Fig. 94). For small values of d, yd is proportional to 
d, but as d increases tlie quantity yd tends to a limit. 
The practical significance of this is very remarkable and 
is of considerable importance. Since the ratio of the 
actual signal strengtli for the over-land path to the 
strengtli which would be obtained if the patli were over 
sea, is the results show that the effect of land 

absorption tends to a limit after a distance of about 
3 000 km is reached. Thus, however far the ray travels 
over land, beyond a distance of 3 000 km the effect of 
the land is only to produce a limited reduction in strength, 
which is about 60 per cent for wave-lengths in the neigh¬ 
bourhood of 16 km. The range of wave-lengths to 
which this law applies with any certainty is, say, 10 
to 26 km. 

The material is hardly sufficient to determine the 
exact law of variation of y with wave-length, the range 
of wave-lengths being too small, but it may be con¬ 
jectured that 1/y increases with A, possibly at some 
rate between the first and second power, since the 
observations on short wave-lengths suggest that the 
increase is more than linear. It seems unlikely at any 
rate that 1/y varies as A^, as is the case with atmospheric 
absorption, so that the mechanism of over-land absorp¬ 
tion is probably quite different. 

Theory. 

Any theory which will account for .all these effects 


of aerials have shown it to be present to, quite an appre¬ 
ciable extent. The presence of ti^es, iron-frame build¬ 
ings, etc., will no doubt produce a certain amount of 
loss. It is probable that all these factors are present 
in any actual case. The evidence, however, points to 
the fact that the conduction loss in the earth is negligible 
compared with the others at, say, more than a few 
hundred kilometres from the transmitter. 

At these distances we can picture the wave as being 
approximately uniformly disixibuted in the space 
between the earth*s surface aiyl the upper conducting 
layer, and the nature of the transmission, as has been 
shown before, is practically the same as that between 
two conducting planes. The total attenuation can then 
be shown to be the sum of the attenuations due to the 
upper conductor and the lower one separately, being, in 
fact, 

2H(2cA)i^* + 

where H — distance between the upper and lower 
conductors, 

A = wave-lengtli, 

Pv P 2 = resistivities of the upper and lower con¬ 
ducting layers respectively, and 
c = velocity of light. ^ 

The value of the resistivity of the earth, varies, 
of course, enormously from place to place, but measure¬ 
ments made in various parts of Englahd show that as 
a rule it varies between 10^2 jqis c.G.S. units. 

The amount of contribution of the earth currents to 
the total attenuation, i.e. depends 

on the distance H between the earth's surface and the 
upper conducting layer, but we can easily put a lower 
limit to H from the known constants of the atmosphere, 
and a value of IT = 10 km will be well below the least 
possible height of the layer. 

Inserting these values in the above quantity, we 
find that an 3 rwhere within the wave-length range 6 000 
to 24 000 m the attenuation due to this cause is abso¬ 
lutely negligible. In any case the actual attenuation 
varies as l/A’* where n >-1, and the attenuation due 
t 6 earth currents varies as l/A^, so that in view of these 
two reasons this source of attenuation is probably 
negligible except, possibly, close to the transmitter. 


IS necessarily very complex, the nature of the absorp¬ 
tion being different for long-distance and short-distante 
over-land transmission, as well as for long wave-lengths 
and short wave-lengths. * 

The waves fih passing over the earth's surface produce 
currents in the earth and, on account of the resistivity of 
the earl's material, power must be supplied, which will 
result .in attenuation of the signal. Other losses that 
may be present at the earth's surface, and which will 
cause absorption, are: 

( 1 ) Dielectric loss in the surface vegetation, and 

(2) Conduction, losses in the various structures on 

the surface, as well ^ the surface vegetation. 

With regard .to (I), experiments ,on the resistance 


Surface Dielectric Loss. 


The attenuation. caused by this surface loss can be 
shown, to vary approximately a^ 1/A, as is required by 
the observed results; for consider the space. between 
two surfaces. $2 (Fig. 96), perpendicular to the direc¬ 
tion of propagation of the wave and to the bounding 
surfaces, and let us suppose as a first approximation 
that the electric force is uniformly distributed between 
the upper layer and the earth. 

Then, by Poynting's theorem, the rate of supply of 


energy through the surface per uniirdepth is 

where X = electijc^force, and 
M = magnetic force, . 
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and, since M = cX, 

c?fl 2 (Z )2 
“ 4n- 

and the power supplied through Sj is 
^2 - 47r “ 

^ The difference in the powers supplied through the 
two surfaces is equal to the power wasted in dielectric 


UPPEH* LAYER 



1 

1 


V 

_^ DIRECTION OF 

-^ PROPAGATION 


A 



EARTH 


Fig. 96.—Showing land absorption. | 

. 

loss, i.e. gnX^dx, where is a constant, n is the frequency 
and dx is the distance between the two surfaces. Thus 

—- Xf) = gnX^dx 
4:77 

and Xf = X*-^ d* 

clfi y 2 

sothat 

or JX: ^ 

The absorption coefficient is then 
47Tgn ^ 27rg 

2^ ““ oHX 

which, it will be observed, is inversely proportional to 
A. It is also inversely proportional to as in the case 
of the resistive loss. This latter property appears to 
be a natural consequence of the assumption of a surface 

loss. . , • 4 .- 

This theory offers a rough explanation of the variation 
of absorption with distance. For consider the state of 
affairs in the neighbourhood of the transmitter, rhe 
difference in power radiated from the two spheres 



and Sa (Fig. 06) surroun(Jing the transmitter is approm- 
mately 

47r cJa? 


O 


where B is 1 *e raSius oi the spheres, supposed small 
compared with H, and the energy w^ted is 

^BgnXHso , 


<? ■ 2 ax® gnX^da 
thati^ = —^ 

or X = XoC“4ira»uc/{jc2|B) 

Comparing this with the previous formula, we see 
that H is replaced by 4 JR/3, so that for values of JR smaU 
compared with H. the absorption on this account is 
large compared with the absorption at a great distance 
where the wave has settled down to a uniform distribu¬ 
tion between the upper and lower layer. 

This theory is admittedly only very appro.vimate, for 
in the first place the distribution of the electric and 
magnetic fields is assumed to be unaffected by the ground 
loss, and, secondly, the readjustment of these forces due 
to the surface absorption at P, say, is assumed to take 
place simultaneously throughout the space between the 
tw'o surfaces Sj^ and 82 * This can only be approximately 
the case when all the distances involved are small 
compared with A. Nevertheless, further analysis con¬ 
firms the main conclusions, viz. that on account of the 
surface loss the absorption factor decreases with the 
distance. 

A more accurate method of attacking this problem 
is to consider the ray passing from transmitter to re¬ 



ceiver. Although as yet we have very little informa¬ 
tion as to the path of this ray, there can be little doubt 
that when transmission takes place over a long distance 
the ray passes at a considerable height over the earth’s 
surfa^^e. Thus we can picture it as being somewhat of 
tlie form shown in Fig. 97. ' 

The reflection at the upper surface is supposed to be 
continuous and gradual, more resembling refraction than 
reflection pure and simple. The wave surfaces, instead 
of being, as before assumed, perpendicular to the earth’s 
surface are perpendicular to the ray and are slightly 
tilted, the state being only slightly different from that 

assumed previously. • 

Considering the ray from the point^of view of pure 
optics, we know that if a screen is placed at PQ, say, 
the top edge of which is below the ray, and if the height 
of the ray above the Surface of the earth is more than a 
few wave-lengths, then the screen will n<5t impede the 
ray and the reception of energy at R will be practic^ly 
unaltered. The region below QS will be in electrical 
shadow, to an extent depending on the dimensions of 
the screen PQ compared with the wave-length. When 
the screen is big enough there wUl be practically no 
electromagnetic forces at the earth’s surface in the 
region beyond P, Consequently there can be no losses 
in the ground in this region; but since the screen 
^ makes practically no difference to the signal receiv^, 

1 the contribution by ground loss to the attenuation 




986 


ROUND, ECKERSLEY, TREMELLEN AND LUNNON: REPORT ON 


in^the region beyond P must be negligible if the ray 
passes at a sufl&cient height. The validity of this argu¬ 
ment rests on the assumption that the height of the 
ray should be more than a few wave-lengths above the 
surface, so that the region QS is in the shadow. To 
answer the question “ How many wave-lengths ? 
requires a rather detailed mathematical discussion, the 
outlines of which are given here. 

The energy loss is a local effect at the surface of the 
earth, and the effect of this energy loss on a ray at a 
given height can be calculated when the surface dis¬ 
tribution of electric forces and currents is known. The 
total effect of this can be obtained by summing up 
the effects of these at a point P on the ray, due attention 
being paid to the fact that it takes a definite time, i.e. 
r/c, for the currents on the earth's surface to produce 
their effects at P, so that the distribution in time as 
well as in space miist be known (see Fig, 98). 

If the wave travels in a medium above the surface 
of the earth with the velocity of light, the time taken 
for a change at Q to produce its effect at P is r/c, where t 
is the distance, from Q to P, and c is the velocity of 
light. 

The fact, however, that the ray bends round with 
the curvature of the earth, as in Fig. 97, shows that 
the actual ** phase velocity" of the wave increases 
with the height and so the actual time taken by the 
wave along the path is less than that taken along the 



say 0*03 of its surface value, i.e. is practically 
negligible. 

On the^ assumption that the absorption decreases 
exponentially with the height, we can get an estimate 
of the relation between the total absorption and the 
distance between receiver and transmitter. The actual 
total absorption will be the sum of the absorption per 
unit length, i.e. where is the value of the 

absorption factor at height Z, Now jS* = say, 

where Pq is the value of the absorption when the ray 
is dose to the surface, and Z is the height of the ray 
above the ground. Now ds, the element of length- 
measured along the ray, is practically indistinguishable 
from (U, where dl is tlie projection of ds on the earth's 
surface (Fig. 98), so that the total absorption is approxi¬ 
mately 

31 = ^p^e-y^dl 


In order to make this determinate we must express- 
Z as 3. function of Z. On the simple assumption that 
the height Z of the ray is proportional to the distance 
travelled we get 

rm 


Z = 2 


= 2 


where jZyZ constant 


p^e-ywm 
'0 
m 

'0 

P say. 


where S = yP/2. 




direct path QP (by Fermat's principle), -which in its 
turn is also less than -the -time taken along QP in the 
free ether. It follows, therefore, that T C rjc ^ hr/c, 
say, where h is a quantity less than unity. If we a^ume 
^at the distribution of current on the earth's surface 
is sinusoidal, the wave-length being practically the same 
as that in free space, we have sufficient data to calculate 
the disturbing effect of the surface loss on the ray at 
P, say, a height Z above -the earth's surface. 

Making these a^umptions the following theoretical 
results werj obtained, Jc being assumed to be 0*99, 
I.e. differing only by 1 per cent from unity. . In Fig. 99 
is shown the relative effect of land absorption on •a 
ray at different^eights. The ordinates represent the 
abso^tion on an arbitrary scale W the absciss® the 
heights. Th^ wave-length assumed is 20 km . 

If A; is a constant for all wave-lengths, then the ordi- 
imtes are only a function of ZjX, Z being a height above 
the earth's surface, so that the same curve applies for 
different wave-lengths if the horizontal scale is altered 
m proportion to The curve obtained is very approxi¬ 
mately exponential, so, that the abspiption for. rays of 
different heights is expressible in the form where 

m m the case assumed is 1-06, . 2 ?,and A being'in km 
a wave-lehgth of 15 km. ’ The absoiption at a - 
heightof 50kmisthereforee-i‘0ex 60/i6--^-8*63-^^. 029 ^ 


wnen sa is sufficiently small this is A == p^d; but tlie 
total absorp-tion 21 tends to -the limit p(JS as d increases. 
With regard to these two characteristics, this theoretical 
value agrees with the actual values, for the curve 
(Fig. 94) is very approximately of the form ^(1 — e-««^). 
The coefficient A. in -the actual curve is, however, not 
PqI^ is approximately ^Pq/S, so that the simple 
assumption that the height of tlie ray is proportional 
to the distance is hot justified. The agreement is such, 
however, as to confirm the belief that the explanation 
given is approximately correct. 

Summarizing the above, apart from theory, when we 
wish to take practical account of the effect of land 
absorption and calculate the reduction in signals effected 
by it we must proceed as foUows: In the first place, 
where there is an unbroken stretch of land between 
the transmitter and receiver, these being a distance 
d apart, ascertain from the curve the value of pd corre¬ 
sponding to this distance, ai^ divide this by A, the 
toansmi-fcting wave-length. If the resulting quanti-fcy 
is X, then the effect of the land absoiption is to reduce 
the signals in the ratio of e“« to 1, roughly.* 

This procedure obviously takes no account of varia¬ 
tions in land absorption and can thefefore be considered 
to be only a sort^ ef average effect, but it apparently 

♦ The values of ffie Epwpeau station E.M.F. observed on the S.S. ** Boonah»» 
have been coirec^pd with this faotor in dete rmining the values of dp. 
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serves to give results with a fair degree of accuracy 
for wave-lengtiis ranging between 6 km and 25 km. 

When the ian<l does not stretch continuously between 
the transmitter the procedure is more coiAplex, but 
working on the principle that land is only effective 
in the neighbourhood of the transmitter or receiver 
it is not difficult to get an estimate, by using Fig. 94, 
of tiie effect in any given case. 


misaif^n formula of the type already found for <^y 
transmission fits the curve fairly well. The attenuation 
constant, as of course would be expected, is very much 
less thflu that found for day signals. Its value is 
0-00068. This value is in good agreement with that 
determined for night transmission to Australia (Mel¬ 
bourne) and we may use it provisionally to determine the 
average values of night signals; by " average ” is meant 



The effect of land absorption due to land close to the 
receiving station is shown clearly in Fig. 67, where the 
increase of signal strength on clearing the Indian penin¬ 
sula is particularly marked. 


not only the average of a single night but of a period 
of. say, at least a month. '''■=«■ 

With this as a provisional basis we may go on to 
discuss long-distance transmission. 


Night Attenuation. 

At great distances (when the short path is in daylight 
the longer path is practically wholly in d^lcness) the 
signals come round both ways and interfere. Signals 
may prefer to come round by ^e long path (the attenua¬ 
tion being less at night) even when this path is as much 
as two-thirds earth's circumference and the short path 
only one-third. The American signals are an example 
of this, for beats due to the bi-directional signals began 
to appear at a distance of only about 13 000 km West 
of New York. 

In order to study these long-distanc« efiects quantita¬ 
tively we require a knowledge of the night attenuation. 
Unfortunately, only few night readings were taken, 
either on the voyage out or on the return voyage, since 
it was impossible to keep a 24-hour watch, but this 
want can be made good by some observations published 
by Lt. M. Guirre in RadiodlectHdiS, March and May, 
1921. The observatiofis were taken on the French 
battleship Aldebaran " during a voyage through the 
Mediterranean and the Suez Canal, and down the coast 
of Africa to the Island of Reunion. ' 

The transmitting stafeon was Nantes using two 
different wave-lengths—9 000 and 11 000 m. Although 
the method of measurement does not give the absolute 
values of the signal strength, the relative values are 
correct, and this is* sufficient to determine the form of 
the attenuation curve and thereby tfje attenuation. 

A sufficient number of night readksgs were taken to 
give a fairly well-determined av^age curvq^ A trans- 


Bi-Directional Transmission. 

The characteristics of long-distance trans^sion 
can be best explained as follows : the shadow line and 
the signal ray are both great circles on the earth's sur- 



•ace; therefore, half ray path is always m darkness 
md half al^vays in Ught. The transmission j^arac- 
teristics, however,-depend on the relative positions ot 
transmitter, receiver and twilight band. 

Except in the unique case where the receive an 
transmitter are antipodal (i.e. at opposite ends of a 
diameter) there are three Possible wn^^M. v^ch 
can be illustrated by Fig. 101. Let PQRS be ^e si^al 
great circle, T and R being the transmitter and recavea: 
respectively, and let PMON be the shadow band. Then 
the shadow band may either cut th^ short segme^ 
TR once or not at all. In the latter case T and R 
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are either both in the light or both in the dark, so that 
the three conditions are : ^ 

(1) T and R both in light. 

(2) T and R both in dark. 

(3) One in light and oiie in dark. 

Attenuation. 

Under the conditions (1) and (2) the transmission, 
which is primarily dependent on the amount of light 
and d^kness on the two paths, will remain constant 
for quite a considerable period of time, except when T 
and R are nearly 180® apart. 

f. N.POLE 
—^- 1 — 



S. POLE 
Fig. 101. 

Under condition (3). however, the transmitted «ign«i. 
wiU rapidly alter, since the amounts of light and daxk- 
ness on the paths are changing rapidly with the position 
of the twiUght bands. The two more or less stable 
states occur, therefore, under conditions (1) and (2). 

An examination of Fig. 101 will show that these 
states occur between sunrise at the receiver and sunset 
at the transmitter, and between sunset at the receiver 

N.POLE 



and sun^cat. the transmitter, if R is less than 180“ 
West of T, and vice versa if R > 180“ West of T 
Under these conditions it is possible to state the total 
attenjuahon on the two paths without having to specify 
the exact ^e, and the comparison between observed 
strength wiU, in general, be made 
at these stated times. It is the more natural to do this 
sign^ (^) are usuaUy at their maximum 
at these times, and (6) are not compKcated by the effect 
of <»os^ th^ shadow band, the effect of which is 

always drficult to anew for. We may therefore procej^ 


to calculate the total attenuation under these two 
conditions. 

The total attenuation (for a given wave-length), 
i.e. ad/A*; can be plotted against distance, both for the 
daylight and night paths ; the curves obtained will, of 
course, be straight Hnes. These are represented in 
Fig. 100. 

For any given point on the globe there are two great 
circle distances to the transmitter, one less than 20 000 
km and the other greater than 20 000 km, the sum of 
the lengths being, of course, 40 000 km. This is repre¬ 
sented in Fig. 100 by the scales originating at the extreme 
left and extreme right respectively. 

In the stable state, the short path (1) is wholly in 
light and the attenuation is represented by the ordinates 
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to OPQ, le, SR, and in Fig. 100 the slope of the line 
OP is a^. 

The long path is partly in darkness and partly in 
light, and the total attenuation, i.e. a 2(20 000)/M 
+ ai(20 000 — d)/X^ is represented by the ordinate to 
the broken line OTQ', i.e. SR. Again, by the same 
reasoning, under condition (2) the absorption on the 
two paths will be represented by the ordinates to the 
lines OP'Q and O'P'Q' respectively. 

It will be observed that the signals by the two paths 
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are .equal at M and N with the values of aj, and a 2 
obtained by observations for relatively short-distance 
transmission is about .15 000 to from T by the shorter 
aF-day path. At any point further than this the 
signals will prefer to come by the longer path, for. they 
are on the whole less attenuated, since-20 000 km of 
this path is in darkness. At smaller: distances to an 
15 000 km the signals by the short path are strongest. 
An exceptional* case occurs when the ray TR lies 
between TS^ ani.TSg, where TS^ and TSg are the great 
circles of tj^e shadow band^at sunrise and sunset respec- 










BORDEAUX (LY) 
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tively^ so long as R lies on the short path beyond Q, 
'v^ere Q is on the same latitude as Sj ^and S 2 
(see Fig. 102). The shadow band cuts the axe TR 
whenever T is in darkness, so that the maximum* arc 
for which T and R are both in darloiess is TQ and the 
corresponding absorption curve is ONN'Q (Fig. 103). 

Apart from this exceptional case the two sets of 
curves OPQ, OP'Q, O'PQ' and O'P'Q' represent the 
absorption for West to East and East to West respec¬ 
tively for the occasions when the shorter arc between the 
receiver and transmitter is wholly in light or wholly in 
darkness. 

The actual signal strength at M where the signals 
from the two directions are approximately equal will 
depend on the relative phase of the two sets of signals, 
and if this relative phase alters the apparent strength 
will alter. Since the actual paths of the rays pass 
through the upper atmosphere, where the effective 
electrical length of the paths may reasonably be expected 
to alter fairly rapidly, the relative phase of the two 
sets of signals will also alter and rapid pulsations of 
signal strength will occur. These fluctuations have 
actually been observed, originally by Messrs. Beverage 
and Rust at Rio, the signals being those from the 
American station Cavite, and almost simultaneously 
t>y Tremellen on the S.S. ** Dorset ** when it w’as in tbe 
Pacifle about 13 000 km from the American stations, 
from which the effect was most marked. 

It was possible to show that the signals came round 
the world in the two opposite directions by using a 
unidirectional receiver and receiving first one and then 
the other set of signals. With this receiver no fluctua¬ 
tions or beats were observed, since only one set of 
signals was received at a time and the interference 
between the two sets was avoided. 

Returning to Fig. 100, it will be noted that the actual 
sign^ received under condition (1), for instance, are 
obtained from a combination of the curves OPQ and 
OT'Q', and in Fig. 104 the composite curves OMPO' 
and OPM'Q' have been drawn, which represent the sum 
of the signals from both directions. • 

In the region of M and M' the strength is variable 
on account of fluctuations, but the actual curve 
represents the maximum value which occurs when the 
signals from the two directions are in phase; also 
along the branches MO' and OM' the signals are variable 
on account of the fluctuations which occur at night. 
To get the final curves, log 1/(J2 sin 0)i is added to the 
ordinates of*the previous curves, where B = radius of 
earth, and 0 is th^ zenith angle between the two stations. 

The ordinates ^will then, except for an additive con¬ 
stant, represent the theoretical v^ues of log JS, where 
is the field strength in the signal, plotted against 
distance. Th8 basis of this calculation is, of course, the 
assumption that signal E.M.F. can be represented by 

an expression of the form —_ (which was found 

to be correct for short-dist^ce transmission), where 
a hp the value or a 2 according as the ray is in light 
or in darkness. It neglects any variations which may 

/ . . 

considered, as they do not come within the range of practical 


be due to changes of a with latitude or direction of 
transmission of the signals. A comparison of the actual 
signals with the theoretical curves will then show up 
any deviations on account of effects. 

Figs. 105 to 111 have been plotted in this manner. 
The plotted curves show the theoretical values calcu¬ 
lated as above, the only alteration being that the day 
attenuation-constant on the West to East path is taken 
as 0‘00107, whereas on the East to West path it is 
assumed to be 0* 00160. The full lines represent the 
day mean-values, and it will t^e observed that only in 
exceptional cases do they diverge largely from the 
theoretical values. 

The .values taken on the S.S. Dorset" in the 
Pacific are almost invariably greater than the calculated 
ones; this merely reflects the result before obtained, 
that the .attenuation in the Pacific is less than in the 
Atlantic. The other divergences are due to the East 
and West effect at Melbourne and Perth, and are shown 
quite clearly on the curves for the American and long¬ 
wave stations, and Bordeaux. With regard to the 
American signals, the main feature is the absence of 
signals when the ray passes over the North and South 
Poles. The arrow’s indicate roughly the direction of 
signals, the vertical axis being taken as North and South. 

It must be remembered that, as in the example given 
in Fig. 103, there is no moment during this period 
when the ray path is wholly in darkness, even though 
the length of the path is less than half the circumfer¬ 
ence. But even when the path was wholly in daylight, 
measurable signals should have been observed if they 
had been attenuated with the average value of a, and the 
absence of signals indicates the existence of very large 
values of attenuation somewhere on the path. The main 
features of long-distance transmission are showm up 
very well by this method of representation, and seem 
to us to leave little doubt that the assumption on which 
the theory is based is approximately correct. 

Australian Signal Measurements. 

A glance at Figs. 33 to 47 will show that the diurnal 
curves of the signal strength of the long-distance stations 
(i.e. European and American) are characterized by a 
double peak, the interval between the two maxima 
being approximately 12 hours. The pe^iks occur at 
times which are roughly those in which either the short 
path or the long path from the transmitter is wholly 
in darkness, i.e. under the conditions (1) and (2) referred 
to before. This is not strictly accurate, for no more 
than 20 000 km of the long path can ever be wholly in 
darkness. A more accurate statement is that the part 
of the path in daylight is a minimum at the other peak. 
Directional measurements show that the signals actually 
do traverse the darkened path, even though it may be 
considerably longer than the short daylight path. 

The long-wave stations LY, at Melbourne and Perth, 
and WQL and WQK at Perth, are exceptions. The 
signals from these stations are in general practically ' 
entirely from West to East in all circumstances. 

In the case of the shorter-wave •stations, however, 
we are dealing almost entirely writh night transmission. 

These night oij^ wquasi-night readings differ in one 
respect frorn night readings taken at relatively short 
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distances ; they are very considerably less variable and 
tJjLe task of comparison with theory becomes correspond¬ 
ingly simpler. 

We have seen that a transmission formula of the 
type already obtained for day transmission is also 
applicable in the case of night transmission. This is 
confirmed by the following method of setting forth the 
results. An examination of Table 16 brings to light 
tlie interesting fact that the maximum values of the 
signal strength measured at Melbourne for the shorter- 
wave stations are equal to the day signals (on the outward 
voyage) at a given shorter distance this distance being 
practically the same for all stations. 

This means that if the day signals OUI, MUU and 
POZ at a certain distance which is approximately 
6 600 km, are E^^ E^, respectively, then the night 
signals at Koo-Wee-Rup, near Melbourne (approxi¬ 
mately 17 000 km), of these stations are also approxi¬ 
mately E^t E^, Eq. We can argue from these results 
that the attenuation over a distance of 6 600 km in 
the daytime is approximately equal to the attenuation 
over 17 000 km at night, except for the slight modification 
introduced by the different distance factors. 

Table 15. 


Table of Observations at Koo-Wee-Rup, 


station 

Wave¬ 

length 

B (obs.) 

di 

Actual 

distance 

to 

Melbourne 

Hanover (OUI) 

km 

14-7 

17-1 

km 

6 000 

km 

16 290 

Carnarvon (MUU) ,. 

14-1 

12-2 

6 500 

17 100 

Nauen (POZ) 

18-6 

18-8 

6 800 

16 000 

j 

Rocky Point (WQK) 

American 
1 16-46 

1 30-8 

9 700 

16 760 

Tuckerton (WGG) .. 

1 16-9 

18-75 

_ 

16 700 

New Brunswick (WII) 

13-6 

12-6 

9 600 

1^610 

Mariqp (WSO) 

11-6 

11-26 

8 800 

16 940 


Proceeding in this manner we get the following values 
for the night attenuation factor for West to East trans¬ 
mission of the European stations, i.e. 0-000669. 

Again, the American stations transmitting from East 
to West gi^e a value of ai? =: 0-000772. These values, 
it will be seen, do not differ markedly from the attenua¬ 
tions derived from the night signal curve of Nantfes, 
i.e. aN = 0-000B77. 

It is not difficult to calculate ttie actual values of E 
when this attenuation constant is loiown, for we have 

^ _ 1207r7iJe-0-ooo677rf/x* 

. X(dQE sin 0)i 

h, I, X and d are known; if, therefore, we insert the 
Imown valutas of d^, all the quantities on the right-hand 
side are knovm and E can-be computed and compared 
with the observed results. 

The assumption that d^ is the same during the night 
as during the drfy is probably not justified but, in the^ 


absence of any reliable measure of tlie quantity, we may 
assume that‘it is. Table 16 gives the observed and 
calculated values of the peak values of the E.M.F, 
at Melbourne. 

Table 16. 


West to East Path, wholly in Darkness. 


Station 

Wave¬ 

length 

E (obs.) 

E (calc.) 

Ratio 
obs ./calc. 


km 

• 



Bordeaux (LY) 

23-46 

170-366 

107 

1-6-3-4 

Hanover (OUI) 

14*7 

17-1 

25-7 

0-622 

St. Assise (UFT) 

U-6 

— 

_ 

_ 

Carnarvon (MUU) 

14.-] 

12*2 

20*1 

0*607 

Nauen (POZ) .. 

12-6 

18-8 

29-4 

0-640 

American Stations at {Koo-Wee-Rup) East to West Path, 
wholly in Darkness, 

WQK .. 

16-46 

31 

64-1 

0*484 

WII ,. 

13*6 

12-6 

28-2 

0-444 

WSO .. .: 

11-6 

11-6 

20-3 

0-667 


The effect of land absorption has not been included 
in these calculations. If we take account of this the 
calculated values would be rather smaller and the ratios 
nearer to unity. The limiting value of 60 per ceM land 
absorption would make all the values close to unity 
(except, of course, in the case of Bordeaux). 

These figures refer to the short-path night transmission. 
The calculation of the long-path E.M.F. is complicated 
by the fact that the signal must cross the twilight line 
dividing'light and darkness. There is a considerable 
amount of evidence to show that this acts as a barrier. 
This is illustrated in the majority of the curves showing 
the diurnal variations of signal strength; also there is 
a very marked minimum in the half-light, half-dark 
period, as can be seen from all tlie diurnal curves. The 
conditions in East to West transmission are by no 
means regular; there is, however, a general tendency 
for -^e weakening of sisals after sunset at the receiving 
station when the twilight band lies between the two 
stations. 

The conditions* which determine this minimum are 
rather complex, and are difficult to allow for. If we 
calculate the si^al, neglecting this effect, we shall 
probably be inclined to over-estimate and, other things 
being equal, the signals would be less than the calculated 
values. 

A glance at Tables 16 and 17 shows the unexpected 
result that, in the case of the' long-wave station at 
WQK at Long Island at any rate, signals are actually 
considerably stronger than the calculated values by the 
West to East route. 

These results are plotted in Fig. 112, in which the 
abscissae axe wave-lengths in km and the ordinates 
represent the ratio of observed signal strength to "the 
calculated values. It will be ^ seen at a glance that, • in 
general, on the longer wavelengths the signals going 
by the West to East path are in excess of what would 
be expected and ^ose travelling in the opposite direc¬ 
tion are in Refect. The difference in the extreme case 
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Table 17. 


•» 

Long Path, — European, 


Station 

Wave¬ 

length 

E (obs.) 

« 

E (calc.) 

Ratio 

obs./calc. 

Bordeaux .. 

1cm 

28-46 

12-5 

32-6 

0 • 4 say 

Hanover 

14-7 

6-0 

6*58 

0-895 

Sfc. Assise .. 

14-5 

— 

— 

— 

Carnarvon 

14-1 

4-59 

4-97 

0*924 

Nauen 

12'* 6 

2-17 

^ 3-76 

0-58 


American, 


Long Isfland (WQK) 

16*46 

35-4 

16-9 

2-225 

New Brunswick 

13-6 

9-65 

6-3 

1-63 

(WII) 





Marion (WSO) 

11-6 

4-17 

4-5 

0-927 


of Bordeaux is as much as 6 to 1, and can therefore 
hardly be attributed to errors of experiment. 

The fact that Bordeaux has no peak at 0600 
and that the longer-wave American stations are at least 
as strong by tlie long route, 23 400 km, part of which is 
in daylight, as by the short all-night path, is a very good 
proof of the existence of some factor favouring West to 
East tgai^smission. 

It appears therefore that not only is there evidence 
of this effect in da 3 Hime i^ide attenuations in the East 
and West directions), but there is also strong evidence 
of it at night, where it is specially marked on the long 
wave-lengths. 

Ihe results at Perth (Western Australia) are in agree¬ 
ment with these in this respect, but they are still further 
complicated by the fact tliat the great circles from the 
American stations pass through the higher latitudes. 

\ The results of the S.S. ** Boonah " expedition, it will 
be remembered, indicate that transmission in the neigh¬ 
bourhood of tlie North and South Poles is particularly 


unfavourable. On this account the signals from the 
American*stations are .weaker than would be expect^jfi 
in the West to East direction, and very much weaker 
in the opposite direction. 

The case of Marion is specially remarkable. It is 
the farthest North of all the* American stations, and 
therefore the bearing at Perth is to a marked extent 
further North and South than the other stations. The 
ray from this station passes nearer the Poles than any 
of the others. The signals from this station at Perth 
are consequently so weak that they were only measurable 
in a very few cases. 

The long-wave stations WQL and WQK exhibit this 
East and West effect in a very marked degree, for at 
Perth the long path and short paths are nearly equal, 
the latter place being only about 1 200 km from the 
antipodes of the American stations, yet the signals 
coming by the longer West to East path are many times 
as strong as those coming in the opposite direction. 
It is hardly worth while repeating the calculations in 
this case, for tlie added complication of relatively high- 
latitude transmission introduces a large measure of 
uncertainty, since the actual values of the attenuation 
in these latitudes are unknown. 

The observed mean peak-values have all been plotted 
in Figs. 109 to 111, where the differences between the 
actual and theoretical curves due to East and West 
effect and Polar transmission can be seen at a glance. 
The differences are rather minimized in this method by 
the logarithmic scale. It has not seemed worth while to 
analyse the diurnal curves into their Fourier components. 

The semi-diurnal nature of the signal strength, as 
well as its connection with the times of sunrise and sunset 
at the end stations, is obvious enough, but perhaps the 
following ideal form calculated on the basis of a fixed 
attenuation for day transmission, and another fixed 
value for night transmission, may not be without in¬ 
terest. It reproduces in its rough feature the general 
form of the diurnal curves where they are. not compli¬ 
cated by unidirectional effects (see Fig. 113). 
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It wiU be obse^ed that during the period in which 
the ray is half in light and half in darkness (i.e. 1^00 and 
2400 G.M.T,) the signals are actually considerably 
less than would be expected on the pure attenuation 
theory. This is no doubt only another example of the 
weakening of signals which occiurs when they pass 
from day to night, and vice versa, which has already 
been commented upon. This effect is illustrated very 
clearly in Fig. 80, which shows the diurnal variation 
of signal strength of the Kuropean stations near the 
Maidive Islands. 

THEORETIC.A.L CONCLUSIONS. 

The observations which have been analysed in the 
preceding sections show very clearly that the basic 
formula for both day and night transmission is of the 
Watson type, i.e. 

A(JS sin &)i 

where a is practically independent of the wave-length but 
may vary with latitude, local conditions, etc. 

It therefore seems very probable that the assumption 
on which this t 3 ?pe of formula is based, i.e. of an outer 
conducting layer, is approximately correct, and it is a 
matter of considerable interest to see whether the Heavi¬ 
side lay^ theory can give any explanation of such facts 
^ the difference between day and night transmission, the 
l(^al variation of the attenuation constant, and seasonal 
effects, etc. To begm with, the theory in its original 
form needs modification and the assumption of a definite 
reflecting layer cannot be justified. For if we 
such an assumption we are led into difficulties. 

On the Watson theory the attenuation constant 
may be calculated from the resistivities of the upper 
Md lower conducting layers and their distance apart 
by means of the formula ’ 

No'y we can estimate the height of the layer to be 
somewhere between 30 and 100 Ian. Witli any value 


Now it be calculated that a well-defined layer of 
this resistivity acts as a nearly perfect reflector for radio 
waves with wave-lengths lying between 6 and 25 Ian, 
even for normal incidence. 

It follows that a receiver situated, say, between 100 
and^ 200 km from a transmitter should receive, even 
during the da3rtime, nearly as much energy by the 
reflected ray as by the direct ray. The reflected ray 
makes an angle of something like 46® with the surface of 
the earth. Now various observations show, without 
any sort of doubt, that such ** high-angle reflection ” is 
wholly absent in the da 3 d:ime, and we should be inclined 
to put the limiting angle at about 3® or 4® at the most. 

The difficulty involved here can be removed by 
assuming that the layer acts as a good reflector for 
glancing incidence, say, but as a very poor reflector 
for normal incidence. A layer with an ill-defined 
under surface will act in this way. For example, if 
we assume that the conductivity is zero below a certain 
height and has a constant gradient above this height, 
then tile reflection coefficient (assumed small) will vary 
as l/sin3 the gradient of conductivity, and the square 
of the wave-length, i.e. 

(giA^o) 

Stt sin^ 6 ( 2 '!?)^ 

where o’j = gradient of conductivity. 

It is, of course, questionable whether a layer of this 
sort will attenuate the waves in just the same way as a 
well-defined layer. The attenuation factor will probably 
not be exactly of the form od/Ai but will depend on the 
nature of the gradient of conductivity in the layer. 

The ex^ple of a layer with uniform gradient of 
conductivity above a certain height may be used to 
show that the attenuation factor is not altered to any 
great extent by the assumption of an ill-defined layer. 

We have found it possible to calculate the absorption 
suffered by a plane wave travelling between the earth 
and such a layer, on the assumption that both are 
bounded by plane surfaces, which, in the light of Watson's 
analysis, seems sufficiently accurate, and we have found 
an attenuation coefficient of the form 


of H between these limits we find that 

T.. , . . - 2HV 2c ) 

which IS the contribution of the earth’s or sea’s resis¬ 
tivity to the attenuation (where 10^i<p,<10i8) is 

very smaU compared with the total observed attenua¬ 
tion coeffici^t. 

■We must therefore assume that, at any rate in over¬ 
sea trammissiom practicaUy the whole of the attenu*,- 
taon is due to tBe resistivity of the upper layer. This 
bemg the case, the observed valife of attenuation, On 
say, gives usea relation between the resistivity of the 
upper layOT and the height of it above the surface of 



A 1 
^ h’(AVic)1/* 

where <r j is the gradient of conductivity, A is a constant, 
^ “ height of layer above earth’s surface. 

It varies as l/A^/s instead of as 1/A*, but the observa¬ 
tions do not cover a sufficient range of wave-length to 
decide which is the most accurate formula. It seems 
probable that the formula of the Watson type is suffi¬ 
ciently accurate even in the case ifrhere the upper surface 
IS ill-defined. 

Height of the Upper Layer. 

The measured values of the quantity in the formula 


where is ^sumed to be unity and p. and B. are th^ 
only two unknown quantities. U we assume the sam, 
^ A limiting values for p, as well. Takini 


^ 120,r&r6-«4/X* 

A(d(yS sin 0)i 

throw some light on the "effective height’’ of the 
Heaviside layer jq the daytime. A rough way of 
determining this is the following: 
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In view of the fact that high-angle reflection is absent, 
let ns suppose that tl^e energy radiated within a cone 
of angle 6 (see Fig. 87) is reflected, but that higher- 
angle transmission than this is absorbed or,, anyhow, 
not reflected. 

The energy radiated within this cone is : 




I 


cos® 


0de 


L 


.iir 


40(27r)W® 


or 


W 


O W 




and when is small is 

-e^X I 600(AI/A)2 watts. 

If we assume, as before, that this energy is radiated 
through an annulus of area 27 rJB(sin 6)H (see Fig. 87), 
since the energy radiated per unit area is 


each term being due to one of the images. When the 
distance TR is large compared with H and with tl^p 
wave-length, the series is so slowly convergent as to 
become absolutely unmanageable, but it can be tr^s- 
formed by a mathematical device into an integral which, 
in certain cases, can be simplified into quite a manage¬ 
able form. A full discussion of this problem is beyond 
the scope of tliis paper, but certain results may be 
generalized so as to be applicable to the case under 

discussion. ^ . 

It is generally assumed that at large distances from 
the transmitter the wave is approximately plane, with 
the electric force vertical and uniform between the 
conducting layers, the high-angle reflection having been 
cancelled out, so to speak. It can be shown that this 
“ normal state of affairs exists only when H is less than 
half a wave-length, in which case the electric and mag¬ 
netic forces in the wave-front can be calculated with 
sufficient accuracy from the formula 


E - 


12077^1 

A[(4H2/A)r]i 


J- . — ergs or i — X watts 
47r c 477 c 

27rRfsin X 30i X 1 600^1®!® 

- Ti: -- 552 


or 

so that 


^ 12077/1/ 

= H/(20i). 


volts/cm 



Fig. 114. 



If we assume that reflection begins to be appreciable 
at distances > 700 km, we have another relation between 
m and 6. Taking do = ^80 km. we get 0 = 3" smd 
H == 32" 1 km (see Fig. 114). Of course the assumption 
of a definite limiting value of ^ beyond which 
there is no reflection is not justified, but the metiiod 
gives a value of 6 which is within the limit determined 
by experiment, and the method may be considered to 
give at least a rough approximation of H. 

There is another method which is based on an investi¬ 
gation of the propagation of waves from a radially 
S3rmmetrical transmitter situated between two per¬ 
fectly conducting planes, by which we can determine the 
equivalent height of the layer. 

Thus suppose T is the transmitter situat^ on the 
lower surface; then on account of the r^ection at the 
upper and lower conductors the electric force at R, say, 
is the same as that due to T, and comprises ^ infinite 
series of images spaced uniformly along an through 
T and perpendicular to the two planes, a distance %H 
apart (see Fig. 116). 

The sum of the electric and magnraj! forces at R can 
therefore be expressed as an infinite series of terms. 


where.r is the distance from the transmitter and the other 
quantities are the same as in the previous formula?. 

It will be observed that the electric force E v^es as 
1/ri which is the appropriate factor for cylindrical 
transmission. When, the height of the layer is greater 
than iA the state of affairs is entirely altered. High- 
.n glft reflection appears and swamps the normal wave, 
and when the layers are perfectly conducting the v^ve 
never settles down to the normal state but goes ncochet- 
ting from floor to roof indefinitely. Th^ state, however, 
is bnly a consequence of the assumptiqp of absolutely 
perfect conductivity in the reflecting layers. But we 
have seen that the actual layer is by no means perfectly 
reflecting, and probably has such m ill-defined under¬ 
surface that there can be no high-angle reflection. 

Under these circumstances even when H >fA the norm^ 

state of affairs obtains and the E.M.F. can be calculated 
from the formula 

A[(4H2/A)f]* 

Comparing this with the. actual Watson-type formula 
and replaciiig t by JS sm 6 on account of the spherical 
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nature* of the actual reflecting surfaces, we can indentify 

with the quajitity 4H2/A. 

Now it will be observed that, in Fig, 92, whef-e is 
plotted as a function of A the summer values of d^ ^e 
very approximately inversely proportional to A. The 
winter values decrease rather more rapidly than this. 
Assuming d^ to be 400 for A = 16, we get the value of 
H thus 

4,ff2 

— == 400 ; = 1 600 ; H = 40 ; 

which is in fairly good agreement with the approximate 
value previously obtained. 

The winter values of d^ are rather higher than the 
summer values, suggesting a greater value of JTq. 
Summarizing, we may fairly safely conclude that in the 
da 5 d:ime there exists a conducting layer at a height 
somewhere between 30 and 40 km. Tliis layer has a 
very ill-defined under-surface and acts as a good reflector 
for a glancing incidence but as a very bad reflector 
for large angles of incidence. The height of the layer 
is probably greater in winter than in summer. 

It is interesting to note how well this purely radio 
evidence agrees with the evidence derived from other 
sources, i.e. the study of terrestrial magnetism. Briefly, 
S. Chapman, who has worked out the subject very 
thoroughly on the basis of terrestrial magnetism, has 
concluded from the evidence afforded by the diurnal 
and lunar magnetic variations that there exist two 
conducting layers : {a) the permanent auroral layer, 

extending over a height of approximately 80 km to 
300 km, and (6)a lower layer present only in the da 3 rtime. 
The latter is probably due to the ionizing effects of the 
sun's y radiation. Its height will naturally depend on 
the zenitli distance of the sun, i.e. the angle of incidence 
of tlie sun's rays. 

For normal incidence the maximum conductivity in 
this layer should occur at a height of about 26 km, 
tailing away to one-tenth of its v^ue at 18 and 45 km. 
At grazing incidence the maximum intensity should occur 
at a h^eight of 60 km. The height determined from*radio 
measurements is well within these limits. 


Day and Night Transmission. 

The difference between day and night transmission 
is readily explained on this theory. Transmission during 
the daytime is confined to the space between the earth 
and the lovi>er conducting layer, which we may consider 
to be practically impervious to the long* radio waves. 
(S. Chapman giijes the average conductivity of this layer 
as 26 X 10*“® C.G.S. units. R^io waves would be 
entirely absorbed in travelling a very short - distance 
through such a medium.) 

At night when the ionizing agent, i.e. the sun's y 
radiation, is removed, the ions re-combine, the lower 
conducting layer disappears and the upper permanent 
auroral layer comes into play. We must assume, both 
from radio »and auroral evidence, that this has a much 
better defined under-surface and that it can reflect 
radio waves at much greater angles of incidence than 
those which exist in the daytime. 

As a consequence we get the irregular interference* 

- ^ 


p. —-- 

phenomena which are so characteristic of night trans¬ 
mission and which must be due to slight variations in 
the height and conductivity of ttie layer. The night 
distortion.of bearings taken with the ordinary frame 
type of aerial is also explicable on this theory,* as 
well as the absence of distortion in daytime. A theory 
developed on these lines has already been given by one 
of the authors in the Radio Review, and additional evi¬ 
dence of a very convincing nature has also been given 
by G. M. Wright and S. B. Smith in the same publication. 

At the risk of repeating what has already been said 
in these articles, it will be well to consider this theory 
in the light of the present evidence, which seems to 
the authors to supply one of the missing links in the 
previous argument. Thus the distortion of bearings 
at night was attributed to the action of high-angle 
reflected waves polarized with the electric force hori¬ 
zontal and the magnetic force in the vertical plane but 
perpendicular to the ray. The manner in which tliis 
acts in producing distortion of the apparent direction 
of the ray is sufficiently obvious to require only passing 
comment here, and may be briefly described by refer¬ 
ence to Fig. 116. Let OP be the direction of the ray; 



FRAME 




Y?\ 


'G' 


MAGNETIC 

FORCE 


Fig. 116. 


then PQ may be considered to be the direction of the 
magn'etic force, the electric force being perpendicul 2 ir to 
the paper. 

If a vertical frame is erected at P the plane of which 
IS perpendicular to the plane of the paper, it would 
normally receive no signals from the direction O'P, 
and would therefore give the correct bearing. 

If, however, the ray OP is present the magnetic force 
PQ is linked wdth the frame, and a signal will be received 
notwithsta.nding the fact that the plane of the frame 
IS perpendicular to the plane of the ra 5 's‘OP and OT. 

The actual position of the frame for minimum signals 
will depend then on the relative intensities and phacA 
of the rays OP and O'P. It will be observed that the 
conditions for the production of this distortion are: 

(1) That the ray should make an appreciable angle 
wth the earth s surface (i.e. high-angle reflection must 
be present). 

(2) That there should be a confponent of the magnetic 

force polarized in the vertical plane. , 

If either of these factors is absent no distortion of 
bearing should occur due to this cause. The ab s en ce 
of the distortion in daytime was attributed in the 
previous paper to the assumed existence of an ill-defined 
layer present in the daytime which could not reflect 
high-angle waves at all. The actual existence of such 
a layer has now been confirmed by tiie evidence of radio 
signals and of ten;pstrial magnetism, and another link 

’ * Sadio 1921, voL 2, pp. 60 and 231. 
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in the argument may be considered to be firmly 
established. 

It may be as well tcf mention here that bearings tal?en 
at great distances at night have been almost invariably 
correct and free from night distortion. 'Sufficient 
explanation of this may be found in the fact that in order 
that signals may arrive at B, say, with a high-angle 
incidence, the ray must proceed by many reflections, 
and the higher the angle of incidence the greater must 
be the number of reflections. As a considerable amount 
of energy is lost at each reflection it is probable that 
the high-angle rays disappear after a few reflections and 
leave the normal ray undisturbed (see Fig. 117). 

, Local Variation of Attenuation. 

On this theory the attenuation sufiered by the wave 
in daytime is a function of the height of the layer and 
the gradient of conductivity in the layer. These 
quantities will vary with the latitude, for they are 
functions of the angle of incidence of the sun’s rays, 
which depends on the latitude and also on the season. 
Seasonal changes and also changes with latitude are 
therefore to be expected. 

The form that the variation with latitude will take 
depends on the two factors: (1) the mean height of 
the layer, and (2) the gradient of conductivity, as well 


UPPEK LAYER 



as the actual conductivity in the layer. The height 
should be greater at high latitudes, and the attenuation 
consequently less on this accoimt. The nature of the 
change in the second factor is not clear, but it certainly 
appears to be the determining factor and to increase the 
attenuation at high latitudes. 

It is arguable that the resistivity of the low:er layers 
will be greater because the ionizing agent, i.e. the sun’s 
radiation, will have further to penetrate through the 
atmosphere when the rays come in ajf, almost glancing 
incidence, and that the attenuation will th^efore be 
greater,*^ 

The observational material is not sufficient to deter¬ 
mine the exact variation of a with latitude, but it is 
certainly sufficient to suggest that the attenuation is 
greater at high latitudes and less at lower ones. If it 
be assumed that the height and nature of the layer is 
merely a function of the angle of incidence of the sun’s 
ra^^s, there should be a connection between the seasonal 
change of a and the change of a with latitude. A change 
from summer to winter •should be equivalent to the 
alteration produced by an increase in latitude. There 
exists a certain amount of evidence that this is the case. 
Transmission in winter is worse than in summer, and 
consequently transjjiission in high latitudes should be 
worse than in low ones, as is the case. 

♦ S. Chapman that the mean resistivity in the winter, as determined 
by magnetic observations In England, is considerably greater than thatin summer. 

VOL. 63. 


Beats, 

e 

Ther5 can be no doubt that this effect is primarily 
caused by the interference of signals travelling both 
ways round the world, for the experiments with che 
unidirectional or heart-shaped receiver ” cannot be 
interpreted otherwise. There are, however, so many 
possible ways in which this interference may be varied 
so as to cause the beats observed, and so little experi- 
men'."* vddence beyond the actual observation of these 
beats, that their ultimate cause is still uncertain. 

Let us consider the possibilities in detail. Suppose 
we call the waves which arrive at the receiver by the 
two great-circle paths, A and B respectively, then we 
may think of the system comprising the transmitter, 
earth and receiver, as a gigantic Michelson interfero¬ 
meter. The waves from the source at S follow the two 
paths SPR and SQR and interfere at the receiver R, 
and all the experimental evidence allows us to infer is 
that the relative phase of A and B at R is changing. 

When R is not at the antipodes of S, i.e. when the 
paths SPR and SQR are not equal, the signal arriving 
by the longer path will be delayed relatively to that 
which comes by the shorter path, and if the difference 
is as much as 10 000 km the delay will amount to at 
least as much as 1/30th second. With high-speed 
signalling the dots from the two directions will hardly 
overlap at all and may cause the unreadability which is a 
characteristic of the beat eflect. This effect, of course, 
will not appear at or close to the antipode. 

Another eflect which also depends on the inequality 
of the two paths, but which does not depend on the 
speed of sending, is the resemblance which the system 
bears to a large interferometer. If we could view the 
electric intensity from the outside of the world we should 
be able to see a series of interference bands, spaced 
about half a wave-length apart and roughly forming 
circles about the antipodes. In the case of absolute 
symmetry this should be the case, but actually the 
position and intensity of the bands will be distorted by 
local >raxiations, light and darlmess, etc. 

If the position of these interference bands changes, 
then from the point of view of an observer situated on 
the surface of the earth this shifting will appear as a 
waxing and waning of signal strength, in fact as beats. 
As before stated, the bands are approximately half a 
wave-length apart. Any variation of the wave-length of 
the transmitter will therefore cause the bands to con¬ 
tract or expand according as the variation i» a decrease 
or increase of wave-lengths. Hence ‘hny change of 
wa!Ve-length of the sources will result jfi beats at the 
receiver. ^ 

In the case of absolute symmetry the antipodes is a 
place where all the electric forces are in ph?ise whatever 
the wave-length; hence the bands contract and expand 
about this point. 

For a given change in frequency of the transmitter 
the rapidity of tlie beats will be proportional to the 
distance of the receiver from the antipodes. If this 
distance comprises N half wave-lengths, i.e. d «= 
and if the wave-length alters by the amount 8A in the 
time 8T, then any given interference band which is 
briginally at the source will move aii» amount NBXI2 
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and tlierefore the number of bands which cross the 
receiver in the time 8T is NdXfX and the rate of the beats 
will therefore be (NlX){BXlSt). N may be as gfeat as 
1 000 so that (1/A){8A/8 j), i.e. the percentage rate of 
change of A, need only be 1 in 1 000 to* produce beats of 
1 per second. 

The effect would therefore be quite observable on 
alternator or arc stations. This effect is again negligible 
at or close to the antipodes. Apart from these effects 
there are two other possibilities depending o leal 
variation of the effective electrical length of the two 
paths : (a) the interference bands may shift irregularly 
about a given mean position, in which case the mean 
frequencies of the waves along the two paths are equal, 
but there will be irregular changes of relative phase; 
and (b) the interference bands may wander continually 
in one direction and never return. This implies a real 
difference in frequency between the two waves A and B. 

With regard to alternative (a), this irregular shifting 
of the bands may be due to any irregular movements in 
the conducting layer which would tend to shorten or 
lengthen the effective electrical length of either path; 
changes in density or refractive index due to ioniza¬ 
tion, pressure-changes, etc., will all have an effect in 
altering the time taken. 

Alternative (b) requires rather more consideration, for 
a real difference in frequency between the two paths 
seems rather difhcult to believe. The effect is neverthe^ 
less possible, but only where there is some movement 
relative to the earth. The authors think that they are 
correct in their interpretation of the principle of rela¬ 
tivity when they assert that the rotation of the earth 
as a rigid body cannot introduce any changes in frequency 
in the two paths as measured by an observer ffxed on the 
surface of the earth. But there may be movements in 
the upper atmosphere, depending on the rotation of the 
earth relative to the sun, which might produce effects 
of this kind. For instance, the Heaviside layer in the 
tmhght regions (at S, say, in Fig, 118) is probably in¬ 
clined at an angle to the tangent at the earth's surface. 
This layer acts as a reflector and is moving rela^tively 
to the earth's surface at some J km per second. The 
reflection of the ray at this moving mirror will produce 
a Doppler effect, the amount of which is given approxi¬ 
mately by the formula 

ft * /» . 

— = 2 sm 0 sm <6- 
n 

where v is ‘the linear velocity of the moving layer, i.e. 
about J- km per second. If we assume n to be about 
20 000, i.e. a IShlxm wave, 8n comes out at the order of 
1/30, i.e. one beat every 30 secojids. This is certainly 
less than the average rate observed, which may be as 
fast as slow morse sending. 

In connection with the Fast and W^est effect the hypo¬ 
thesis was entertained that there was a rapid drift of 
positively charged particles from East to West. Such 
a movement, if it existed, would tend to produce a change 
in the meSsured frequency for the ray which passes 
through this drift. The amount of change of frequency 
can only be guessed at, for it depends on factors which 
cannot possibly be measured at the earth's surface, but it 
seems to be within the bounds of possibility that suffl-* 


cient change might be produced to account for the 
observed effects. 

It may be noted that Mr. Rust h^, in a very carefully 
performed experiment, actually observed these beats in 
England. 'Signals from WQK (Long Island, New York) 
were actually received in England the long way round, 
i.e. from the East, and were made to interfere with the 
residual signals from the West, obtained by setting the 
heart-shaped receiver with its blind spot facing very 
nearly the normal direction of reception. The authors 
understand from him, however, that the experiment is 
by no means easy and it should be carried out only 
when reception conditions are good and “ strays " are 
not troublesome. 

Much remains to be done in connection wi^h this 
subject, which has very considerable interest from the 
theoretical point of view, but any experiments devised to 
determine whether there is a real change of frequency in 
the two directions wiU obviously be dif&cult to carryout. 

T 



There are some indications that the beat effect is due 
to the variability in actual transmitted frequency and 
is not due to any real change in the frequency on the 
path, for UFT, which is a bad offender in this respect, 
shows " beats " to a marked degree. Also the fact that 
beats are not observed on a steady dash suggest that 
their absence is due to a steadying of the transmitted 
frequency on a k>ng dash. The receiving station at 
Perth is close to the antipodes of the American stations, 
and hence the beat effect" should be small on these 
stations. 

Actually such effects were difficult to observe on 
these stations ; on the long-wave stations, on which the 
effect might have been heard, the bi-directional effect 
only lasted a short time, and the shorter-wave stations, 
in which the bi-directional effect was of much longer 
duration, were swamped by X's. 

The fact that it could not be definitely stated that 
beats were heard on these stations rather suggests that 
the variation of frequency at the transmitter is respon¬ 
sible for these effects. 

East and West Eb^ect. 

We have had occasion to note more than once in the 
course of this ^a^er that transmission in a West to 
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East direction seemed Letter than transmission in the 
opposite direction. By this we mean the undoubted 
fact that, in every caSe that was examined, transmission 
in the West to East direction has been as good as or 
better than transmission in the opposite* direction, 
whether by day or by night. But it must be very 
carefully pointed out that this does not necessarily 
imply lhat in every case West to East transmission is 
the better. 

For instance, we have evidence that transmission from 
Europe to Australia on very long waves, e.g. Bordeaux, 
is better by the short West to East path than by the 


ingenuity to do so. If we take a map of the world 
and mark the routes with the various attenuation 
constants found for these routes, as in Fig. 119, we shall 
find that it is possible, except perhaps in the Atlantic, 
to fit the values in without assuming a different attenua¬ 
tion for a go and return path.' 

It will be found that except for the isolated case of 
NBA the high values of a occur in the North Atlantic 
and low values elsewhere, and although there is appa¬ 
rently a very marked change amounting almost to dis¬ 
continuity to the East of England, this may be partly 
due to a change of a with season, for the attenuations 



opposite one, but it would be very risky to state on 
this evidence that transmission from Australia back 
to England over the short European path will be 
unfavourable merely because it is an East to West 
transmission. 

The case of transmission across the Atlantic is me 
only one in which we have e'sHdence that transmission 
from America to England, he. West to East, is better 
than transmission over (the sa^e path from England 
to America, i.e. from East to West, and even in this 
case the difference in attenuation on what may be called 
the direct and return paths is not very great, and ite 
existence may perhaps be doubted. Except for this 
case the differences can be attributed, we think, to 
loc^ and seasonal variations of the attenuation. It 
must, however, be admitted that it requires considerable 


to the East of England were observed in the summer 
months and those to the West in the winter*months. 

On the other hand, it seems more than a coincidence 
tliat, in every case so far examined, ti^ansmission from 
West to East has be^ better than that in the opposite 

direction. ^ 

From the point of view of theory it comes as rather a 
shock to have to admit the possibility that transmission 
6‘om A to B, say, may be better than from B to A. 
Such a possibility seems to contradict the usual reci¬ 
procal relations of optics. This is a very general 
theorem due, we believe, to Helmholtz, which when 
applied to radio transmission can be translated into 
radio language in the following terms : If A and B axe 
any two radio stations, however situated, then i£ they 
** are both working on the .same wave-length the E.M.F. 















1000 


ROUND, ECKERSLEY, TREMELLEN AND LUNNON: REPORT ON 


indnce<t in A by unit current in B will equal the E.M.F. 
induced in B by unit current in A. For example, if 
we have two equal transmitting stations in England 
and Australia, then, at a given moment, the field strength 
produced by the English station in Australia should be 
equal to the field strength, produced in England by the 
Australian station. If, however, we admit the accuracy 
of the transatlantic experiments, we shall have an 
actual case in which this theorem is contradicted. 

It must be realized that this theorem is based on the 
assumption that all effects are linear, i.e. that the state 
of the field and every relevant quantity in the field 
(e.g. motion of the ions, electrons, etc.) is a linear 
function of the currents in the transmitting stations. It 
is possible to construct an example in which this linear 
relation is not obeyed, and it therefore follows that a 
real East and West effect is possible. The authors 
believe that examples in optics of the violation of this 
reciprocal relation are well known, but the example 
chosen here is more relevant to the subject under dis¬ 
cussion, and may contain the germ of the explanation 
of the supposed East and West effect. 

When a radio wave passes through a medium contain¬ 
ing free ions or electrons these will be set in motion by 
the electric force. Suppose that the electric force is 
vertical, and the magnetic force horizontal; then 
the electric force will set the electrons in motion in a 
vertical direction, but on account of the vertical motion 
the magnetic force will produce a force on the electron 
which is perpendicular to both the magnetic field and 
this direction of motion, which is therefore in the direc¬ 
tion of propagation. "V^en the electric field is reversed 
the magnetic field is also reversed, the two being in 
phase, and tlie force on the electron is still in the direction 
of propagation. There is consequently a continuously 
acting force tending to drag the electrons along in the 
direction of propagation of the ray, and this is in the 
same direction even when the electromagnetic forces 
in the wave-front are reversed. The forward drift 
of the electrons must therefore be a function of the 
square of the magnetic field strength, and the Jjnear 
relation no longer holds. 

J. J. Thomson has shown how to calculate the actual 
amount of absorption suffered by a radio wave when 
passing through a cloud of electrons. As explained, 
the waves set the electrons with a forward drift the 
velocity of which can be calculated from the formula 




where o = velocity of light, • 

CO = velocity of drift of the electrons, 

A = wave-length, 
e s= charge, 
m =: mass of ion, and 
Hq ==: magnetic field in the wave-front. 

When o) is small compared with c, as is usually^ the 
case, 

" “ 2S ■ W ^ ^0 (approximately). 

These ions have energy, to gain which they have to^ 


rob the energy of the wave, and tlie attenuation constant 
introduced is equal to 


N\*e^ 

f—f 

i28mMc * 

vsooJ 


where JS is the voltage per cm in the wave-front. It 
varies as the fourth power of the wave-length and the 
square of the magnetic or electric force in the wave- 
front. 

The way in which this effect may be used to explain 
the existence of a change of attenuation wrhen the direc¬ 
tion of propagation is reversed «is as follows : Suppose 
there is a drift of ions or electrons along the direction 
of the raj^. If the drift is in the same direction as the 
propagation of the waves, the time it takes for a. wave 
to pass one of the ions or electrons is increased in the 
ratio of 1 -j- (vjc) to 1, where v is the velocity of drift, 
and hence, since the absorption is proportional to 
we find that the absorption is increased in the 
ratio of (1 -j- v/c)^ to 1 (approximately). If the direc¬ 
tion of propagation is opposite to that of the drift the 
attenuation will be reduced in the ratio of (1 -f v/c)^ to 
(1 — vjc)^. It will be observed that it requires very 
high velocities of drift to produce an appreciable effect, 
but there is the evidence of auroral effects as well as 
of magnetic storms to suggest that charged particles may 
be injected into the atmosphere with velocities com- 
p^able with that of light. These particles, if charged, 
will be deflected by the earth's magnetic field in'co the 
polar regions and will be given a West to East or East 
to West drift according to -v^hether they are negatively 
or positively charged. It is very improbable, however, 
that such streams could reach the lower levels of the 
atmosphere, where the daylight layer is situated. 

Again, the effect if it is present should increase very 
rapidly with the wave-length; now this is characteristic 
of the East and West effect which occurs at night, for 
it is only observed on wave-lengths greater than about 
16 km and increases very rapidly on longer waves. W’^e 
should therefore suggest that if this explanation is 
applicable to all it is only so in the case of night attenua¬ 
tion, and that unidirectional transmission cannot be 
produced by this cause in the daj^^time. The direction 
of the East and West effect which occurs at night sug¬ 
gests that the particles emitted by the sun at high speeds 
and caught up in? the outer layers of the atmosphere 
are positively charged. The excessive attenuation 
suffered by the long waves from Bordeaux in the daytime 
may be an illustration of what may be called the " J. J. 
Thomson absorption ** effect, but it is probably not 
unidirectional in this case. 

In connection with long-wave absorption an experi¬ 
ment was carried out at Camarvbn which unfortunately 
had a negative result. Signals on a 40-km wave (100 
amperes in the aerial) were sent out and listened for in 
Australia. Not a trace of them could be heard, even 
though the apparatus used had a fairly high degree of 
sensitivity. This again suggests excessive attenuations 
on these long waves. 

Earth's Magnetic Field. ' 

In view of the ^act' that the determining factor of 
wireless is the f^enuation in the upper conducting 
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layer, and since this depends on the motion of the ions 
or electrons in the.»field of tlie wave, and since finally 
the motion of these is modified by the presence of a 
steady magnetic field, we should expect to find a relation 
between the transmission and the earth’s magnetic 
field. 

There are two efifects which might be observed. The 
first is a rotation of the plane of polarization of the wave 
when transmitted along the magnetic field, and the 
second a difference of attenuation according to whether 
the waves are moving ^ansverse to or along the earth’s 
magnetic field. The rotation of the plane of polariza¬ 
tion of a plane wave travelling through a medium con¬ 
taining free ions when a longitudinal magnetic force 
is superimposed is a well-known effect and has been 
described in various papers, boolcs,* etc., so that the 
results of such investigations will be assumed. 

The full effect of this variation will not be developed 
unless the mean free life of an ion, i.e. the interval 
between the collisions, is large compared with the time 
Tq =: The effect is more likely to occur 

at high levels where the pressure is low, i.e. the mean 
free life of the ion large, than in the lower levels where 
it is small. 

Accordingly we might expect some such effect in the 
night but not in the day when the lower layer comes into 
play. 

If ^ is the angle of the plane of polarization, then the 
maximum rate of rotation would be 

Sf m T, 


which with the value for H in the earth’s magnetic 
field (roughly 0*2 C.G.S. unit) means a complete rotation 
every 0 • 64 Ion. 

The evidence afforded by the observations on direction- 

♦ See H. A. Lorkntz : “ Theory of Electrons.” 
t Correct value 


finding suggests quite strongly that such an effect may 
exist^at night but not in the day, hence we have fuiSher 
evidence that the day-reflecting layer is a region of greater 
pressure and is therefore lower than the night layer. 

The free life, T, of an iop. must be less than about 
lO""* in order that the effect may not be observable in 
the daytime, so that the pressures at this height cannot 
be less than about l/500th of the ataospheric pressure. 
That is, the height must be less than 36 km (approxi¬ 
mately). The lower limit is probably higher than this 
if all the factors are taken into account. 

The other effect shows up as a consequence of the 
increase of the resistivity of a medium containing free 
ions in a transverse magnetic field. Numerically the 
percentage increase in resistivity is * 

p 12\mJ 

which can be expressed in terms of the time Tq thus :— 
8 p ^ l /^\2 
P 

which will therefore be a very small quantity unless T, 
the time between collisions, is large compared with Tq* 
As before, this effect is not likely to occur in da 3 rtime 
but may occur at night. 

Conclusion. 

It will be realized that in spite of the enormous 
amount of material already gained by the authors, 
due to the indefatigable work of Mr. Tremellen and his 
assistant Mr. Allnutt, there are still matters, e.g. East 
and West effect, seasonal and latitude variations, beat 
effect, etc., about which no decisive statements can be 
made, and we must look to the future to make good 
the observational data necessary. We must also leave 
to the fulnire the framing of a complete theory of World 
Transmission of Radio,” for the explanations given in 
this ^aper must be looked upon rather as suggestions 
than as final and complete statements of the theory. 

• See O, W. Richardson : ” Electron Theory of Matter.” 


Discussion before the Wireless Section, 6 May, 1926. 


Admiral of the Fleet Sir H. B, Jackson: I 
tliink that the Institution and, in fact, all wireless 
engineers and wireless scientists, are very much 
indebted to the Marconi Company for arranging and 
financing the e.xpedition, ahd especially to the authors 
of this paper for the work they did in making the 
observations and analysing the results. It is very 
difficult to say which is the most important part of the 
work that was done—^the preliminary work of getting 
the apparatus designed, made and calibrated and put 
to very severe test to Show that it was trustworthy, 
or the very hard work that was done by the observers 
during the tests, or the final analysis of the observations, 
I imagine that most of the ^ discussion will be rather 
on the analysis of 4he results tlian on the actual work 
done in obtaining them. The authors have attacked 
the Austin-Cohen formula, which J^think has had a 
long enough life, and they have analysed the results 


in detail so as to get the attenuation due to the 
different causes. The varying attenuations in dif¬ 
ferent parts of the world comprise a new feature which 
is worthy of veyy serious study. The fact that the 
p 2 >lar areas stop the waves is also of ve^ great interest. 

Mr. R. A. Watson Watt: I am particularly 
interested in the oBservations on atmospherics, arid 
propose to confine my remarks to that Section of the 
paper which deals with these observations. The 
convective origin of many atmospherics is now so well 
established as to justify the h 3 ^othesis that all atmo¬ 
spherics arise from convective processes in the 
atmosphere, and Mir. Tremellen’s data form a valuable 
addition to the evidence supporting the hypothesis. 
In passing I may say that the wave-form observations 
of Appleton, Herd rind myself confirm the authors’ 
interpretation of the grinder as a series of clicks; this 
can be seen visually on the cathode-ray screen. The 
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authors, in differentiating between the click and the 
craSh, refer the click to a single lightning flashy but 
this does not, of course, preclude a lightning origin for 
the crash, since sensibly continuous flashes of 6 seconds' 
duration can be observed yisually in latitudes as high 
as 40*'N. The authors indicate that the crash is a 
product of discontinuities similar to those whose 
passage forms the most important feature of the 
meteorology of Western Europe, and they have been 
fortunate in that their expeditions have taken them 
into regions where the general world distribution " 
is shown up so beautifully as in Figs. 81 to 84, without 
being overlaid by meteorological phenomena which, 
although on a sufficiently large scale to affect the 
greater part of a continent, are still relatively local. In 
an examination of continuous records of the apparent 
direction of arrival of atmospherics in Great Britain 
and Egypt, on which (under the ausjpices of the Radio 
Research Board established under the Department of 
Scientific and Industrial Research) I was actually 
engaged w^hen the present paper reached me, I was 
tracing a general world distribution " following the 
sun, such as wets to be expected from the general 
principle of convective origin, and which was bound to 
be traceable if the range of reception for atmospherics 
were sufBLcient, but which proves to be very frequently 
obscured in these latitudes by atmospherics associated 
with the passage of depressions. Of this a typical case 
was that of July 12 to 14, 1924, when, as reported 
elsewhere, a cold front was traced for some 2 000 Vm 
across Europe by our recorders. As a matter of 
history, the convective, origin of atmospherics was, 
apart from direct correlations with observed lightning, 
shown by Sir Henry Jackson in 1902, and further 
evidence was collected by the British Association 
Co mm i t tee in 1913—16; the solar control was shown 
by a very high correlation coefficient between apparent 
direction of arrival of atmospherics and solar altitude 
found by me in 1922 (in a series of observations which 
await full interpretation in the light of later observa¬ 
tions, jn which the complexities due to meteorological 
disturbances and to the radiogoniometric ambiguity 
have been reduced). In 1923 Eccles outlined a general 
distribution following the sun, and Schmdelhauer, 
albeit in a very limited test-period of one month only,' 
in March 1922 found a cum-solar swing of 17® range 
between 0800 and 1800 G.M.T. Our records show 
the general type of variation, in a test-period in May, 
to consist 01 a stream of atmospherics arriving from 
an Easterly point about 0900 G.M.T., with a slo^y 
swmg to a Soutlf-Easterly direction of arrival at 1400 
an accelerating swing through, a^ Southerly direction 
at 1800 to South-West at midnight, and a compara¬ 
tively steady direction of arrival from between South- 
West and West between midnight and 0800 GMT 
This stream from the West dies out somewhat rapidly 
between 0800 and 1000 G.M.T., and is replaced by a 
new stream from the East. It is of interest to note 
that our records agree with.those of the authors in 
plaang the main source of atmospherics, between 
^toght and 0700 G.M.T., in Soptli America, and in 
met the addifron of our mean direction of arrival for 
February to the 0300 chart of Hg. 86 gives a three- 


bearing fix" from base lines of a length wliich few 
would have cared to adopt for radiogoniometric loca¬ 
tions. It might be profitable to compare individual 
determinatiens, and I should be happy to exchange 
data with the authors if they think it worth while. I 
am glad to note that the authors agree with what I 
may now call the British, as opposed to the Conti¬ 
nental, view of the average range of reception of 
atmospherics. I believe that the majority of our 
atmospherics come from distances over 1 000 km, and 
that the range of reception on ordinary long-wave 
sets is not less than the earth's semi-circumference, 
while, if I do not misinterpret their views, Bellesdze, 
Bureau and others believe that the majority of atmo¬ 
spherics heard originate with a very few hundred 
kilometres of the receiver. 

Dr, R. I/, Smith-Rose: On page 936 it is stated 
that one difficulty in determining the effective heights 
of aerials is the lack of accurate knowledge of a trans¬ 
mission formula over semi-conducting earth. Whilst 
admitting the lack of experimental evidence on this 
point, I should like to suggest that it is sufficiently 
accurate to take the ordinary Hertzian formula in con¬ 
junction with an attenuation factor such as can be 
obtained from Zenneck's work and a knowledge of 
the conductivity of tlie earth. The latter quantity is 
known from recent measurements at wireless fre¬ 
quencies, and using the value obtained it can be 
shown that even on a wave-length so short as 460 m 
the attenuation is only of the order of 9 per cent for 
a distance of about 60 km. On long waves and the 
shorter distances involved in measuring effective 
heights the attenuation would thus appear to be 
practically negligible. This deduction from tlieoiy, 
however, does not obviate the necessity for some 
ffirect experimental evidence on the point. On page 939 
it is stated that signals at Girvan are about 1^ times 
as strong as at Diroomfield. W’hilst this is correct for 
N.B. and T., Marion (WSO) only gives 10 to 20 per 
cent increase in Table 3 and also Figs. 12 and 13. Is 
tMs due entirely to slightly shorter wave-length ? In 
Figs. 17-30 ordinates are given in microvolts per 
metre, whereas in Figs. 31-69 the scale is E.M.F. in 
an aerial whose effective height is stated as 12 m. Is 
^ere any reason wjiy the arithmetic was not completed 
in the last case wMle plotting the results ? Although 
for the other transmitting stations . the attenuation 
constant appears to be independent of the wave-length, 
Bordeaux gives a value of attenuation which is 30 to 
60 per cent greater than the. mean of that of the other 
stations for reception both in the Atlantic and the 
Pacific (see Tables 7 and 8). This is for the wave¬ 
length of 23*46 km, whereas when the wave-length 
was reduced to 18*8 km the attenuation constant was 
only 7 per cent above the mean for the other stations. 
This, taken with the report ©f the experiment tried 
at Carnarvon on 40 km, would appear to indicate that 
there is an upper limit to the wave-length which it is 
advantageous to use for long-distance transmission, 
this limit being in the neighbou^ood of 18 km; 
Mention has been jnade of the lack of experimental 
knowledge of attgaituation for overland transmission. 
For long-distance transmission a value of jS, the 
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attenuation constant due to the land absorption, is 
obtained on page 9^3 as = 0*001, and is independent 
of wave-length. In col. 2 on page 982, however, the 
value of jS is taken as 0*005 to calculate the ratios in 
Table 12 for the measurements at Broomfield and 
Girvan. Is this a mere printer's or clerical error or is 
there another explanation ? On page 984, for the pur¬ 
pose of calculating the contribution of earth conduction 
loss to the attenuation, tlie resistivitj^' of the earth is 
stated to fall between the limits of 10^^ and 10^^ electro¬ 
magnetic units, which is from 10 to 100 times that of 
sea-water. I should lilce to ask how these values were 
obtained. The values of resistivity given in standard 
textboolis for the materials commonly found at or 
near the earth's surface, vary enormously and are 
mostly very much higher than the figures quoted. 
In some recent experiments carried out by Mr. Bar- 
field and myself,* the effective conductivity of the earth 
was measured by a wireless method at 10 different 
sites in the South of England between Teddington 
and Land's End. The resistivities obtained varied 
from 1*9 X 10^^ to 6*4 X 10^®, and are thus in good 
agreement with those mentioned in the present paper. 
The results obtained were found to be fairly independent 
of the state of the surface of the ground—^whether wet 
or dry, and the nature of the subsoil had no direct 
influence on the result when, as is usual, soil and vege¬ 
tation, existed at the surface. These values of the 
resistivity give an attenuation at short distances which 
is extremely small (only a few per cent) except on short 
wave-lengths, and, as shown in the present paper, its 
effect at distances of 3 000 km is only to reduce the 
strength of signals by 60 per cent. Tliis I consider 
to be a very important result and it leads to a-revision 
of our ideas as to the previously supposed bad effect 
of large tracts of land intervening between transmitter 
and receiver. Now, concerning the attenuation intro¬ 
duced by the earth losses on the waves, it is stated 
on page 984 that the wave can be pictured as being 
uniformly distributed between the upper and lower 
conductors. As mentioned above, calculation from 
the already known values of the earth's resistivity 
shows that the contribution of earth currents to the 
attenuation is negligible. On page 986, however, it is 
assumed that the energy of the wav§ passes at such a 
height from the ground that the introduction of an 
opaque screen near the earth makes no difference to 
the energy received at a point well beyond the screen. 
This would not appear to be quite compatible with the 
idea of uniform distribution of energy between the 
earth and the upper layer. Mention is made on 
pages 969 and 992 of, the fact that the twilight line 
dividing light and darkness acts as a barrier to the 
passage of waves, examples being indicated in the 
diurnal variation curves. An excellent example of 
this effect was obtained* on the occasion of the solar 
eclipse of January 24 last, when some measurements 
of signal strength were made at four separate stations 
in this country on some special tra ns missions from 
the Rocky Point station. The results obtained were 
described recently in the EUcifician.^ and the Electrical 

• Proceedings of the Royc^ Society, A, ld25,*V^1.107, p. 687. 
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Review, * and were chiefly notable for a signal-strength 
time ^urve of the same characteristic shape at e^ch 
observing station. A rise in signal strength during 
the eclipse was followed by a decrease to a well-defined 
minimum strength at a time which corresponded very 
closely to the passage of the shadow of totality across 
the great-circle path between transmitter and receiver. 
This is precisely similar to the effect of the twilight 
boundary mentioned in the paper. A possible explana¬ 
tion is that the waves passing from the dark to the 
light side will experience a certain amount of reflection 
except in the case of normal incidence on the boundary, 
which would only occur in certain rare circumstances. 
One side of the dark vertical " slot" in the atmosphere 
cut out by tlie eclipse would thus form a partial barrier 
to the passage of waves, particularly in the upper 
portions of the atmosphere. If this explanation 
is correct, one would expect to find that the minim um 
of signal intensity in the diurnal records of American 
signals observed in England would be mucli more 
marked when the sunrise boundary is passing across 
the Atlantic than in the corresponding sunset con¬ 
dition. I have not a sufficiently detailed know¬ 
ledge of the usual occurrences of transatlantic 
measurements to say if this effect is at all noticeable. 
On page 976, and particularly on page 994, it is stated 
that various observations show without any sort of 
doubt that high-angle reflection is wholly absent in 
the daytime, and that the effect of reflection begins 
to be important at distances of about 700 km. I 
should like to ask for further details of the observa-. 
tions which have established such a point, for apart 
from the fact that the diffraction curve has departed 
from the observed values curve at a distance of 1 000 km, 
I have not come across details of these observations. 
The general impression I gathered from the paper was 
that very few, if any, measurements were made at 
distances below 1000 km. A careful determination 
of distance transpires to be of great 

importance since it forms the basis of one of the 
methods of determining the height of the upperJayer. 
In direction-finding several instances can be given of 
variations of bearings in daylight at much shorter 
distances than these. One of the most prominent 
examples is that of Leafield, which at a distance of 
80 km has given variations ranging up to 16®. I have 
always understood that these variations are explained 
by means of reflected waves from the upper atmo¬ 
sphere and at such a range the ajqgle of incidence 
nnjist be comparatively small. On pages 994-996 
calculations are given of the height of^tiie upper layer. 
In the first method* the above-mentioned minim um 
distance for reflection is employed to determine the 
limiting angle ifi in Fig. 114) within which the effective 
radiation takes place, and the relation obtained is 
that do — R/(2^J* ^ arithmetical error seems to 
have, occurred here, for, substituting do = 380 and 
0 = 3®, H « 39*8, not 32*1 km as given in the paper. 
In the second method do* is taken as 400 al: the top of 
page 996, whereas if the previously used value of 380 
were taken B becomes 39*0, which is practically 
I in complete agreement with the previous corrected 
I • 1926, vol. 96, p, 214. 
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value. Now in regard to these calculations, the first 
is •obtained from "Watson’s formula, which I Jrhink 
was derived on the assumption of a sharply defined 
reflecting surface, which would give high-angle reflec¬ 
tion, as well as the low-angle cases used. The second 
method as represented by Fig. 116 appears to be a 
physical representation of the same mathematical 
problem. The formula employed is, however, derived 
on the assumption that the reflecting surface is very 
ill-defined and so high-angle reflection could not occur. 
It is surely surprising that two methods starting from 
such conixadictory assumptions should give almost 
identical results for the height of the upper layer. 
It would also appear as if there is some coincidence in 
this agreement, since in the first case H is shown as 
proportional to which from Fig. 92 and page 982 
appears to be approximately proportional to 1/A, 
whereas in the second case the final formula on page 996 
gives H as independent of A. Thus if other wave¬ 
lengths are used, two separate values of H would be 
obtained by the two methods. I have made these 
remarks on the more theoretical part of the paper not 
in any spirit of carping criticism, but rather to 
emphasize the limitation of the analysis by reason of 
the assumptions and approximations which have had 
to be made owing to the enormous lack of our existing 
knowledge on this subject. In spite of the magnitude 
of the experiments there are quite obviously many 
points and side-issues which must be left for further 
investigation, and I should like to ask the authors if, 
^for the benefit of future workers who may have to 
tackle these problems, they would give any hints from 
their experience as to the most fruitful lines upon which 
a world-wide study of the propagation of waves might 
be carried out. It is quite within the bounds of possi¬ 
bility that at some future date an international body 
may organize such a world-wide research, and we should 
be proud that such an excellent start has been made by 
a group of workers in this country. 

Mr. E, B. MouUin : This paper describes a wonder¬ 
fully bold and complete piece of work. There ^ust 
be many here who, like mj^self, have often wished to 
take part in such an expedition and may even have 
planned the details in imagination. The paper is full 
of information which is of immediate use in designing 
transmitting stations, and it contains a great deal of 
important data respecting the physics of the upper 
layers of the atmosphere which will be of great 
assistance fo pj;i 5 rsicists studying these problems. I 
am particularly interested in the experiments to dis¬ 
cover the appit)piiate value of the constant in 
the fundamental transmission formula and I i-liiriTr 
the informatjpn that it is sensibly equal to the theo¬ 
retical value 1207r is of great general importance. At 
one time the value BOtt was often used in America: it 
seems certain that with a flat and resistanceless earth 
the correct value would be 12077 , but in the presence 
of an imperfect earth it has seemed not unreasonable 
to half this value. I have often wished for 

fatties to test this constant, because a lack of unani¬ 
mity in the value used has led to a good deal of con¬ 
fusion in signal measurements. The point is now 
settled once and*for all. It is worthy of notice that if* 


the effective height of an aerial is measured by the 
Pession method, AocI/'^/^Lq, and tjierefore an error of 
2 per cent in the value of Aq makes only 1 per cent 
difference in the value deduced for h. With regard 
to the difficulty of deducing effective height by measur¬ 
ing the E.M.F. induced in a frame, I should like to 
know if the authors see any objection to the method 
I have used,* whereby the aerial itself is converted 
into a three-sided frame whose fourth side is formed 
by a wire running along, and in contact with, the ground. 
This method appears to me to remove the difficulty. 
I am surprised that the calculated values of effective 
height differ widely from the measured values and I 
think it would be of interest if we could be told some 
details of the calculations employed. The method of 
calculating the attenuation factor resulting from 
dielectric loss is very interesting. Experiments wdth 
well-insulated condensers appear to show that tl\e 
energy loss per cycle is a constant fraction of the 
energy stored, as with magnetic hysteresis. This 
hypothesis has been used in an ingenious manner to 
deduce the form of the attenuation factor for wave 
transmission under a Heaviside layer. The discovery 
of zones in which beats are produced by the inter¬ 
ference of the signals arriving by the longer and shorter 
paths is very interesting. I trust that the Marconi 
Company will experiment with a very steady station 
and then cause its frequency to vary in a haijnonic 
manner and so be able to state definitely what is the 
cause of the phenomenon. 

Mr. J. Hollingworth: It is not always appre¬ 
ciated how much preliminary care and consideration 
are required to obtain results such as those given in 
the paper, as work of this nature suffers from the severe 
limitation that, strictiy speaking, no repetition of an 
experiment is possible, and ever 3 rfching has to be allowed 
for beforehand. The authors have also helped to 
remove a criticism which has been levelled against 
this subject, not altogether without justification, 
namely, that it was all theories and no facts. Per¬ 
sonally I am particularly interested in it as I have 
been working on the subject for the past 18 months. 
I have for certain definite reasons restricted my 
measurements to distances not exceeding 1600 km, 
so that I can offer no direct comparisons with the 
long-distance work, but certain general points are of 
special interest. The first is in connection with 
Fig. 14, showing the large change in intensity about 
the October—November period. I was not working 
during the years referred to in the figure, but last 
year exactly the same effect occurred not only on 
transatlantic stations but also ajb quite short distances 
and on all wave-lengths observed (minimum 9 000 m). 
Of course, at these short distances the effect is not 
always a fall in intensity; it is under certain condi¬ 
tions an equally abrupt rise,# but in 1924 practically 
the whole effect was concentrated into two or three 
days (October 28—30). ' I do not know if the authors 
could determine from their figures whether the change 
was equally abrupt in previous ;ij;ears, but if so it 
appears that an almost world-wide watch kept over 
the period shoul^*be of great value. I gather that 
♦ Journal 1923, vol. 61, p. 72. 
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the authors* opinion of Bordeaux is that it is below 
normal on the 23 45J m wave and roughly normal on 
the 18 360 m wave. Dr. Austin, on the other hand, 
appears to hold the view that the long wav^ is normal 
and the short one unusually good, and his view is 
supported by the French observers. It also agrees 
with the results I have obtained from four different 
observing stations in the British Isles, where the 
signals are now 60-100 per cent greater than would 
be expected on the analogy of other stations with the 
same order of wave-length, X am in entire agreement 
with the statement tha?b single observations should be 
treated with distrust, as I think the subject has been 
impeded by elaborate theories built on the results of a 
few observations at one station of one other station. 
On the subject of land attenuation I find some diffi¬ 
culty in accepting the authors* figures, at any rate for 
short distances. I gather that they consider the 
difference between the transatlantic signals at Girvan 
and Broomfield—a difference of about 60 per cent—^to 
be due to the extra attenuation over 600 km of land. 

I think that this requires furtlier verification not con¬ 
fined to these two stations and I should like to quote 
the following extract from my results. For the past 
10 months I have had observations talcen periodically 
of Leafield at Glasgow and Stavanger at Aberdeen. 
In each case the wave-length, aerial current and aerial 
heighjjs are practically the same and the distances are 
respectively 477 km and 496 km, but the former is 
entirely over land and the latter entirely over sea. 
The results are averaged and plotted weekly, and in 
general they do not differ by more than about 6 per 
cent, though a few freak ** periods lasting about 
3 weeks have occurred during which the difference is 
100 per cent, after which . they fall abruptly into 
coincidence again. I have not yet sufficient results to 
give a definite opinion on the height of the upper 
layer, but a rough approximation gives 60 km during 
the sunamer months, rising abruptly to about 66 km 
at the October change referred to above. I do not 
agree with the statement on page 994 that high-angle 
reflection is not present during the day, though certainly 
a rough calculation shows that the distances in the 
paper are too great for this phenomenon, which should 
rarely occur at distances greater than 1 000 km. Space 
does not permit me to develop t&e argument fully 
here, but as a t 3 rpical example I may say that during 
the winter months the signals from Nantes at Man¬ 
chester fall and at Aberdeen rise until at times the 
latter actually exceed the former although the distance 
is 60 per cent greater. This is only the most striking 
of a series of changes jvhich are so s 5 rstematic that it is 
impossible to ascribe them to local causes near any 
particular station. 

Mr, R. H. Barfield : As one studies the paper one 
cannot fail to be struck^ with the number of directions 
in which important advances have been made. I 
fbi nk the chief are (1) the establishment of the fact 
that Watson*s reflection formula is in agreement with 
experience; (2) the recasting of that formula into 
practical shape tar superior to the Austin-Cohen 
formula; (3) the discovery of the ^ East-West.** effect 
and of beat phenomena; and (4) ‘tSe location of the 


places of origin of atmospherics in a most striking 
manner. On page 984 the authors distinguish between 
losses‘'produced by the earth's resistivity, conduction 
losses in the vegetation, and dielectric losses. Now 
these are the factors which combine to produce tlie 
forward tilt of the wave-frdht, and the angle of this 
tilt is obviously a measure of the total losses produced 
by the surface. Dr. Smith-Rose has mentioned that 
we have recently made measurements of these forward 
inclinations at Slough and in many other parts of 
England, and though many of the measurements 
were made on surfaces covered with vegetation (e.g. 
long grass or small bushes) we find, from Zenneck’s 
theory of tilts, that ground resistances in good agree¬ 
ment with the values given by the authors of the 
present paper are alone sufficient to account for the 
amount of tilt we obtained. This appears to me to be 
an experimental demonstration that the earth's 
resistance is the only appreciable factor in determining 
the amount of tilt of the wave-front of a hori 2 ontally 
travelling wave, and therefore is alone responsible for 
producing surface loss. This, of course, ignores the 
absorbing effect of trees which, being large compared 
with our apparatus, had to be avoided, but since even 
these are negligibly small in comparison with the 
length of waves dealt with in this paper, may not 
they be classified with smaller vegetation in estimating 
their probable effect ? On page 994 the authors 
refer to ** various observations which show, without 
any sort of doubt, that ' high-angle reflection' is 
wholly absent in the daytime.*' I should be very 
glad if they would indicate the nature of those 
experiments. 

Prof, E. W. Marchant {communicated ): Soon after 
the account given by Mr. Lunnon in the discussion 
on Mr. Elwell's paper on " Long-distance Wireless 
Transmission ** * of the apparatus he had used for 
measuring signal strength, one of our research students, 
Mx. H. D. Sharpe, constructed, in the Laboratories of 
Applied Electricity, Liverpool, an apparatus similar to 
thaf^described by Mr. Lunnon. ’ I should hke to con¬ 
firm what the authors say as to the advantages‘‘of this 
method of measurement. We have made a great 
many tests in Liverpool, using galvanometer methods, 
and, although these are quite suitable for ranges up to 
1 000 miles, the only method which has proved successful 
for estimating the strength of transatlantic signals has 
been the one which Mr. Lunnon described and which 
has been adopted in our later tests. A separate hetero¬ 
dyne circuit has been used in connection with the 
receiving circuit which not only greaptly increases the 
signal strengths but <^so enables any very troublesome 
station to be made less troublesome ^ tuning the 
heterod 3 me circuit so as to make the dismrbing station 
give a very low note. By this means measurements 
could be made with signals from very distant stations, 
even when near-by powerful stations were emitting 
signals of very nearly the same wave-length. In this 
latitude there is not, of course, the safhe difficulty 
with atmospherics that there is in tropical latitudes, 
and we have not had any serious trouble from them. 
I should, however, like to say a word or two about 
♦ Journal 1021, vol. 59, p! 677- 


1006 ROUND, ECKERSLEY, TREMELLEN AND LUNNON: REPORT ON 


• 

the arrangement used by Messrs. Liinnon and Tremellen, 
in*which the homod 5 me signal has been ST^tched 
on to the receiving aerial, instead of being sent through 
a dummy aerial circuit. In the process of making 
measurements we have found it necessary to compare 
the strength of the locally produced signal and the 
incoming signal at very frequent intervals. The pro¬ 
cedure in making a measurement has been (1) to tune 
the circuit of the receiver for the signal that has to be 
measured until it is clearly heard on the telephones 
connected to our 7-valve amplifier; (2) having started 
the local ‘oscillators by means of a change-over switch 
with mercury contacts, rapidly to change the con¬ 
nections from the signal which is coming in on the 
main aerial to the signal produced by the local oscillator 
in the dummy aerial circuit, and tune the circuit of 
the local oscillator until the pitch of the note heard 
from it is exactly the same as that of the received 
signal; and (3) to vary the mutual induction between 
the local oscillator and the receiving circuits until 
the two sounds are of exactly the same strength. The 
most troublesome operation is the tuning of the pitch 
of the signal from the local oscillator to that of the 
signals being measured, and to do this quickly it is 
necessary to change-over the mercury switch repeatedly. 
A great deal depends on the observer. Mr. Sharpe, 
who constructed the set and made the first measure¬ 
ments, was a good musician. He was able to adjust 
the local oscillating circuit very rapidly to give the 
same pitch note as that being produced by the incoming 
signal and, this having been done, the adjustment of 
the strength of the local oscillating current so as to 
make it exactly the same as the received signal was 
relatively easy. This, I think, was much easier for 
him to do than for other people with less keen musical 
ears. Mr. Arnold, who has continued the tests during 
the past 18 months, is also very quick at adjusting the 
tune of the local oscillating circuit correctly I venture 
to think that it is very desirable that anyone using 
this method of test should have a good musical ear, 
and think that such a person would be able to 
measure signal strengths, even when atmospheric 
disturbances and other stations are producing very 
considerable interference. Our tests have been made 
on the Annapolis time signals which are sent out at 
4.66 (winter time). A Dutch station which comes in 
very often when the time signals are being measured 
has very nearly the same wave-length. We have 
found that *by using the separate heterod 3 me circuit 
already mentioned and lowering the pitch of the noje 
from the disturbing station, it is nearly olways possible 
to get a fairly accurate measurement of the strength 
of the Annapplis time signal, when it is audible at all. 
Both Mr. Sharpe and Mr. Arnold have found that, 
with great care, they have been able to obtain con¬ 
sistent results on fairly loud signals, such as those 
from iJantes, within about ± 6 per cent. The order 
of accuracy of measurement diminishes for weaker 
signals, the'"* variation in the measurements being 
about ± 10/xV/m for a weak signal with a good 
operator, I should like to say a word on the measure- 
, ment of the effective height of the aerial. The three- , 
aerial method d&cribed on page 936 would seem to 


be a very good method of measuring the effective 
height of the aerial, provided the^absorption along the 
path of the waves to stations A and B from C is 
similarly absorbent, but it is obvious that if the path 
from A to C is more absorbent than the path from 
B to C the measurement will not be exact. We had 
not the advantage of having three aerials available, 
and in order to determine approximately the effective 
height of our aerial we measured the strengths of the 
signals received from Nantes and Nauen. As parti¬ 
culars were available of the antenna currents and 
effective heights of the transmitting aerials at these 
two stations, we were able to estimate the effective 
height of our own aerial by the Austin-Cohen formula. 
Using this formula, the effective height, as detetmined 
by the average strength of the signal from Nantes, 

Table A, 

Strength of the Electric Field, E, in Microvolts per metre. 



Date 

Annapolis 


B 

7 October 

ikYjm 

136 

9 

ft 

90 

10 

ft 

126 

13 

ft 

86 

14 

ft 

30 

16 

ft 

66 

16 

ft 

36 

17 

ft 

10 

20 

ft 

36 • 

21 

ft 

10 

22 

ft 

6 

24 

ft 

Inaudible 

26 

ft 

6 

27 

ft 

40 

30 

ft 

36 

3 November 

40 


Mean value of E for the month of October = 60 jitV/m, 
Distance of trangmission from Liverpool = 6 300 km. 

came to 2*3 m, which corresponded fairly closely to 
the actual height of the receiving antenna above the 
lead roof of the laboratory on which it was erected. 
The absorption term in the Austin-Cohen formula 
reduces the microvolts per metre by 36 per cent only, 
and, for determinations of the oa;der of accuracy aimed 
at, the variations in the absorption would not be 
important. This result was checked by a measure¬ 
ment of the average strength of signal received from 
Nauen and the agreement was unexpectedly close, the 
values of the effective height agreeing within 6 per 
cent. As regards the measurements made on the two 
stations at Nantes and Nauen, the actual signal-strength 
variation from day to day is ^considerable. The 
extreme variation in the Nantes signals for the month 
of May,-1924, was^ffom 1 800 to 710 jitV/m with a mean 
value of 1.140 the average variation being 
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± 26 per cent. Approximately the same ratio of 
variation was obserypd in tiie signals from Nanen. 
The measurements that have been made of ihe micro¬ 
volts per metre from Annapolis, distant 6 300 km 
from Liverpool, show much greater variations. The 
results for October 1924 are shown in Table A. 
There have been many days since on which tte 
Annapolis time signal has been inaudible. The effective 
height of the receiving aerial in livetpool is, of course, 
pmail. and this has made the measurements more 
difBicult than they wo^d otherwise have been. A 
report on these measurements has been submitted to 
the British National Committee of Radio Telegraphy, 
and I am indebted to the Committee for allowing them 
to be trientioned in tiris discussion. 

Messrs. L. Espenschied, C. N. Anderson and A. 
Bailey {commuiticaied) ; Upon the date the paper under 
^liarns Rinn was read, there was given before the Institute 
of Radio Engineers in New York a paper reporting upon 
another long, series of measurements of radio trans¬ 
mission upon the lower radio frequencies.* These lattCT 
measurements were made in the course of an expm- 
mental study of the possibilities of transatlantic radio¬ 
telephony across the North Atlantic which has continued 
for a period of over two years. We have, therefore, b^ 
particularly interested in the paper under discussion 
and in comparing certain of tiie measurements there 
given jvith the corresponding results obtained in the 
transatlantic radio-telephone measurements. 

Diurnal signal characteristics.—We were impr^sed by 
the low night-time field strength of transatlantic trans¬ 
mission exhibited in Figs. 6, -6 and 7. We have found 
the normal condition to be one of high night-time fields, 
the values approaching as a maximum that defined by 
the inverse-distance law, with lower and more or less 
constant daylight field strength. Such of our measure¬ 
ments as do show low night-time v^ues occur at times 
during which disturbances were in progress in the 
earth's magnetic field. Actually, the effect at such 
times is not merely to decrease night-time values but to 
increase slightly the daytime field. We have studied 
the data in regard to the earth’s magnetic field for the 
dates corresponding to the figures mentioned and .find 
not only that magnetic disturbances occurred during 
the period for which these measureinents were taken, 
from May 13th to 23rd, 1921, but that they were 
unusually severe. It appears, therefore, that these 
curves display abnormal variations accompanying mag¬ 
netic disturbances rather than typical diurnal varia,tions. 

Seasonal variation in daylight field strength. Fig. 14 
shows a very interesting effect in the reduction in ■tte 
transatlantic daylight signal field which sets in during 
the late autumn months. This effect has also been 
observed in the transatlantic telephone measurements. 
The fact that for the time of year during which this 
Increase in attenuation oacurs, viz. the winter months, 
the transmission path lies quite close to the northern 
division line between the sunlit and the , dmkened 
hemispheres may be of significance in explaining this 
effect. It should bf noted that there axe other times 
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during which the transmission path lies in or neat the' 
division line between the sunht and darkened hem- 
spheres* viz. those of sunrise and sunset, and during 
the night-time of the summer months. All 0 these 
cases appear to result in an increase in the attenuation. 

Comparison of normal dUylight transmission .—^In 
general, a good agreement is found between thoM 
measurements for transatlantic transmission given m 
the paper and the corresponding measuremente made in 
the transatlantic telephone study. In particular, our 
results agree quite closely with the measurements of 
Marion (WSO) for transmission across the North Atlantic 
given in Fig. 26. There is apparently some <}iscrepancy 
between the data taken at the beginning of the trip on 
the S S " Dorset ” and those taken at the end of the 
expedition on the S.S. “Boonah” (Fig; 24). It will 
be observed that the field strength received at 6 000 km 
on the S.S. “Dorset" (Fig. 26) was less t^ 60/lV/m, 
while for the same distance on the S.S. " Boonah " it 
was over 80/x.V/m. Evidently part of this is due to 
the lower daylight values obtaining in the winter thne. 
With respect to the measm'ements made upon Roc^ 
Point’s long-wave transmitter (WQL), as recorded in 
Fig. 71, we find that those of our measurements which 
were made at the time the S.S. " Boonah ’’ was receiving 
WQL across the North Atlantic check very well with 
the results given. It should be noted, however, that 
the strengths measured at this time were abnor¬ 
mally bi gl^ due to the fact that transmitter powers 
larger than normal were in use, the antenna current 
being approximately 1000 amperes. The fact that the 
transmitter antenna current is known to have been 
changed during the period in which the measur^ents 
of Fig. 71 were taken emphasizes the necessity of 
adjusting the data to constant transnutter power before 
attempting to interpret them. It is of interMt to 
compare certain of the measurement results given in the 
paper with those indicated by an empirical formula 
which expresses the measured results obtained 
North Atlantic radio telephone measurements. The 
constants of this formula, it will be understood,^ have 
been derived merely for the limited physical conditions 
of the United States-England transmission path and 
for the frequency range of 16 to 60 kilocycles. The 
. formula is * 


In carrying out the transatlantic radic? telephone 
measurements, the powers radiated from three o e 
stations reported upon in the paper Imve been deter- 
by a series of aomparatively local m^urements 
in the direction of transmission. The r^iated power 
corresponding to an antenna current of 
in each case approximately as follows : WQL, 13 kw , 
WQK, 16-6 kW; and WSO, 9 kW. Using these 
primary data and substituting in the formula 
remarkably goQji agreement is found between the^ 
calcidated values and the observed valubs, even to 
distances of 12 000-14 000 km. In the case of WQK 
(Fig. 24) and WSO (Fig. 26) this represents transmission 
not only West to East over the North Atlantic but also 
*in the South-West direction when thtf S.S. “ Dorset 
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was in the South Pacific Ocean. Our North Atlantic 
data do not warrant any differentiation between East-. 
West and West-East transmission. Such differences as 
have been obtained were within the error which could 
be attributed to incomplete data on radiated power or 
insufficient measurements of received field strength. 

Source of static .—^The paper presents valuable evidence 
indicating that the tropical belt, and in particular large 
land areas in it, may be regarded as major sources of 
atmospherics. The deductions which we have made 
from a study of the diurnal variations of atmospheric 
noise, exclusive of the high afternoon static which 
prevails during the summer months, have led to much 
the same conclusion. Of interest also, in the paper 
under discussion, is the apparent movement of the 
major source of static along with the 3 p.m. meridian. 
This is in conformity with meteorological data on 
thunderstorms which indicate that the hours of maximum 
occurrence of inland or Continental thunderstorms are 
in most places from 2 to 4 p.m. However, it appears 
that the time of maximum thunderstorms over the 
oceans is quite different, occurring between midnight and 
4 a.m. The result of this may be to present to long-wave 
receiving stations in northern latitudes a more or less 
constant generation of atmospherics along the tropical 
belt and cause the major factor controlling the diurnal 
characteristic of atmospherics for a station located in 
England, for example, to be the transmission efficiency 
of the intervening medium. This is what is indicated 
by the analysis we have made of a long series of noise 
measurements in the transatlantic telephone experiments. 

Messrs. H. J. Round, T L. Eckersley, K. Tremel- 
len and F. G. Lunnon {in reply ): Mr. Watson Watt has 
drawn attention to the divergence of opinion between 
English and Continental engineers as regards the 
source of X's, the latter considering that X's originate 
within a few hundred miles of the receiver. In con¬ 
tradiction of this and in support of the evidence in the 
paper that the source of X's is generally in the equa¬ 
torial regions and may in many cases be thousands of 
kilometres from the ■ receiver, we have some farther 
evidence which was not included in the paper owing to 
want of space. Measurements made of the relative 
strength of X's* by estimating the strength of signals 
necessary to read through them at 20 w.p.m., say, 
when plotted against the distance from the assumed 
source (obtained from directional measurements), give 
an attenuation curve of just the same type as that of a 
station sitfiated at the source, and the presumption 
therefore is that our estimate of the source of X\ is 
correct. ♦ 

Pr. Smith-Rose has suggestedi that the appropriate 
transmission^ formula to use for short-distance work 
in the determination of effective heights is the Hertzian 
formula multiplied by a suitable ground attenuation 
factor such as can be obtained from Zenneck's work. 
We hardly think this is correct, in view of Sommerfeld's 
theory of the matter. It is shown by him that the 
Zenneck t^e of wave, i,e. a surface wave with its 
appropriate attenuation factor, does not develop its 
full intensity and is not important at distances which 
are small compared with the " numerical distance,*' 
quantity defined on page 936. At distances small 

I ' 


compared with this, such as are almost invariably 
used in determinations of effectiye height, the formula 
of the Hertzian t 3 q)e alone is appropriate. The 
difference,is probably not of importance except from 
a theoretical point of view, for at these distances, i.e. 
at distances small compared with the numerical 
distances," the attenuation factor is practically unity, 
and the difference between the two formulae can be 
neglected. 

With regard to the relative strengths of the American 
stations at Broomfield and at Girvan, the ratio of the 
strengths at Girvan to those at Broomfield is given as 
approximately 1|. This refers to the average of all the 
stations received; Marion (WSO) with only 20 per 
cent difference is certainly anomalous. This ahomaly 
was noted at the time, and a long series of measure¬ 
ments was made with the object of verif 3 dng the 
measurements and eliminating any possible local or 
temporal reductions in the signal strength at Girvan, 
This anomaly, however, persisted and is also reflected 
in the measurements made at Poldhu. The reason 
for this appears to be connected with th,e fact that 
signals do not die away quite uniformly with the dis¬ 
tance, and that there is a slight sinusoidal fluctuation, 
which is shown up in Fig. 89. The nature of this 
fluctuation is different for different wave-lengths, with 
the result that over relatively short distances the signal 
from some stations, e.g. WSO, may appear to dw away 
far less rapidly than those from others, e.g. WII and 
WGG. 

Figs. 31 to 59, of which the ordinates are the actual 
microvolts, and not as in the case of the others the 
microvolts per metre, were originally plotted before 
the effective height comparison had been made. In 
order to save the labour of re-plotting, tracings were 
made of the originals in the expectation that they 
could be altered when the curves were reproduced for 
the paper, but this alteration was impossible in the 
limited time available. 

The overland absorption factor is, as stated in the 
paper, a subject of a certain amount of uncertainty, 
which is perhaps reflected in the method of repre¬ 
senting it. There is the choice of expressing the total 
absorption due to this cause in either the form 
or where and y are considered to be constants. 

On the whole the latter form is considered to be the 
more accurate. 

The figures j8 = 0-005 on page 982 and j3 ~ 0*001 
on page 983 are consistent in view of the variation of 
j5 with the distance, for the former refers to short- 
distance attenuation (600 km in the neighbourhood of 
the receiver) and the figure 0*001 to long-distance 
(approx. 9 000 km) transmission. 

In the advance copies of the paper there was, 
unfortunately, an error in the designation of the 
ordinates of Fig. 94, which should read where j8 
has the same significance as above, i.e. the total land 
absorption is pd having the limiting value 12. 

Thus for wave-lengths of approximately 15 km is 
6 - 0-8 ^ 0*449, i.e. approximately stated. 

Earth resistivity .—^The value of the earth resistivity 
used ia the calcuj^on of earth attenuation, which is of 

* Corrected for the Journal, 
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the order of 2 X (?.G.S. units and agrees with Dr. 
Smith-Rose's results rather than the commonly accepted 
textbook values whicJi are much higher, was obtained 
in a variety of ways. The value was deduced pn- 
marily from the results of aerial resistance measure¬ 
ments. It is shown in a paper entitled An Investi¬ 
gation of Transmitting Aerial Resistances * that the 
proximity of the earth to a horizontal wire contributes 
an extra eddy-current resistance per cm of an amount 

where p is the earth's resistivity, p =* 27r X frequency, 
and h is the height of the wire above the surface of 
the earth. From the measurements made of various 
aerials and screens it was possible to deduce p, which 
is in all cases between 10^^ and 10^^ C.G.S. units, '^he 
value of p at Broomfield was also checked by measurmg 
the high-frequenc 3 r resistance between two buried 
plates. As a further check, some experiments to 
measure the tilt of the wave-front in the waves sent 
out from Clifden station during February, 1921, may be 
mentioned. The ratio of the horizontal to vertical 
electrical force was 1/97, whilst the calculated ratio 
(from Zenneck's formula) was 1/105, on the assumption 
that p = 2 X 1012 C.C.S. units. This therefore affords 
a good check on the value of p. 

The* idea that the energy sent out from a tra^- 
mitter to a distant receiver may follow a path which 
rises to a considerable height above the ea^'s surface, 
like the trajectory of a shell, is not new in radio tele¬ 
graphy nor is it inconsistent with the idea that the 
wave is distributed almost uniformly in the sp^e 
between the earth and the Heaviside layer. With 
uniform distribution the wave surfaces axe perpendi¬ 
cular to the surface of the earth. When, however, 
the rays follow Hie high trajectory the wave surfaces, 
which are perpendicular to the rays, differ only 
slightly from those in the uniform distribution, as 
shown in Fig. 97, and the density of energy flow is 
practically uniformly distributed across the wave 
surface. The rest of the argument follows from this 
hypothesis of slightly modified uniform distribution of 
energy flow. 

Sunset effects .—^The observed fact that the dmdmg 
line between light and darkness acts as a barrier to 
the long electric waves may, as suggested, be d.ue to a 
reflection effect at this dividing line, but we are inclined 
to prefer another explanation. The amount of attenua¬ 
tion is a function of the resistivity of the upper con¬ 
ducting layer, and for^the long waves with which this 
paper deals any increase of resistivity implies a coire- 
sponding increase of attenuation. Near the dividing 
line between light and darkness the sun's rays, which 
act as the ionizing agentwin producing the conductivity 
of the lower or daylight layer, are removed and the 
ions rapidly re-combine, producing a consequent 
increase in the resistivity of the layer at this point, 
with a progressively increasing local attenuation. This 
attenuation, however, does not increase indefinitely 
. with the resistivity of the lower lay^^ for with infinite 
* Journal 1922, vol. 60, p. 681. 


resistivity the lower layer disappears and brings into 
play the night layer with its appropriate attenuatiojj.. 
Thus -v^e should expect a transient increase in the local 
absorption during the transient re-combining period. 
There are two observed facts which tend to confirm 
this theory. The first is the observed variation of the 
time of sunset dip with wave-length, and the second 
is the absence of sunset or sunrise minimum on short 
waves of the order of 100 m. With regard to the former 
observation, it should be observed that the local 
attenuation referred to is a function of (p/A), so that, 
as p increases, the value of p/A reaches its critical value 
(for maximum absorption) sooner for short wave¬ 
lengths than for long ones, thus ensuring a progressive 
delay in the occurrence of the sunset minimum as the 
wave-length increases, which is in accordance with 
the observations. Again, on sufl&ciently short waves 
the attenuation on practically any theory is a function 
of (p/A), so that if we consider the region where the 
attenuation decreases with increasing frequency (e.g. 
between 30 and 100 m) the attenuation must also 
decrease with increasing resistivity and there is a 
gradual increase of signal strength from the day to the 
night value as the twilight band passes between the 
two stations. The absence of high-angle reflection 
can be inferred partly from the usual absence of inter¬ 
ference effects and directional distortions and partly 
from the results of observations with the " heart 
shaped" directional receiver. In the latter case the 
balance between the current induced in the vertical 
aerial and that in the frame would not be preserved if 
there were any high-angle reflection. This does not 
preclude the possibility of occasions when high-angle 
reflections may be present even in the daytime, 
especially in the winter time in high latitudes where 
conditions approximate to those which obtain at night, 
but the rarity of these effects suggests that high-angle 
reflection in daytime is the exception rather than the 
rule. 

The estimate of the distance at which reflection 
begins to play an important part in the daytime was 
made by a comparison of the observed attenuation 
curves and the diffraction curves. The actual attenua¬ 
tion curves have in some cases been extrapolated 
backwards a little. The figure 700 km is very approxi¬ 
mate ; all one can say is that 400 km is too small and 
1 000 km is too much. Too much stress, therefore, 
must not be laid on this figure. In using this figure 
for determining the height of the layer only ^proximate 
results were aimed at, and the assumptions which 
formed a basis for the c^culation are aliio only approxi¬ 
mations to the truths Of the two methods for com¬ 
puting this height the latter (on page 996) should be 
considered as much more accurate. The two methods 
are not, in our opinion, contradictory, nor do they 
even differ to any great extent. Both methods involve 
the assumption that the layer is ill-defined, so that 
reflection is confined to practically glancing incidence; 
the former, however, assumes further that the energy 
within a cone of angle 0, where 0 is so chosen that the 
reflected ray comes down at 700 km distance, is uni¬ 
formly distributed over the space between the earth 
"and the Heaviside layer. To emphasfre the fact that 
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the a^umption of an ill-defined layer is involved in 
tMs calculation, we would draw attention to the 
statement at the top of the first column on pa^e 996, 
where it is stated that in view of the fact that high- 
angle reflection is absent, let us suppose that the energy 
radiated within a cone .of angle d (see Fig. 87) is 
reflected, but that higher-angle transmission than this is 
absorbed or, anyhow, not reflected,** which is a direct con¬ 
sequence of the assumption of an ill-defined layer. The 
two methods would be in exact agreement if instead of 
assuming that 6 was a constant for all wave-lengths, 
i.e. that the distance at which reflection becomes 
appreciable is also independent of A, we assumed that 
6 = HISX, an assumption which, in view of the 
indefinite nature of this distance, is perfectly justifiable. 
By reversing the process we may use the second 
formula to determine 6 and so find that higher-angle 
reflection than about 3° on a 16-km wave-length is 
absent, confirming our previous estimate that high- 
angle reflection is in general absent in the daytime. 

It was hoped that the paper itself would suggest 
the lines of future research; one obvious requirement 
is the extension of the work to shorter wave-lengths. 
The region below 6 000 m has not been studied with any 
degree of thoroughness, and we have theoretical 
evidence that a change in the nature of daylight trans¬ 
mission occurs about this wave-length and a further 
change on ranges from 60 m dovmward *; an investi¬ 
gation of field strengths on these wave-lengths would 
therefore be of the greatest value. 

In reply to Mr. Moullin, the method of using a frame 
with a wire running along the earth as the fourth side for 
the absolute determination of effective height should not, 
we think, be open to any objection unless the difficulty 
of measuring the current at a symmetrical point be 
serious. Thus it is usually necessary to ensure sym¬ 
metry by measuring the current at the centre of the 
lower wire of the frame. This, we think, would be 
impossible in Mr. Moullin*s case, but the necessity for 
symmetry is very much reduced in this case and we 
doubt if it is a serious point. The method of calcu¬ 
lating the effective heights was one in which the distri¬ 
bution of the current in the aerial was assumed to be 
sinusoidal with a node at the end of the aerial wire; 
the effective height was then determined from the 
relation 

Effective height, | Eidh 

• 

where E was a^umed to be the electric force (asssumed 
independent of h), the current at the base of the 
aerial, and i the current at any^point h in the aerial. 
With the ever-increasing interest in short waves we 
axe afraid that it may be a long time before we are 
able to test whether the beais observed in the neigh¬ 
bourhood of the antipodes are due to a variation in 
the frequency of the transmitter or whether they must 
be attributed to one of the other causes suggested in 
the paper. 

In reply to Mr. HoUingworth the sudden .change 
in the received intensity at the end of October or 

♦’See NaturCf 1935, vol. 116, p. 924. 


beginning of November was originally noticed in the 
Clifden-Glace Bay services. This period during which 
it was practically impossible to ge't signals, was noticed 
regularly every year; the dates on which the most 
intense reduction were observed were in the neighbour¬ 
hood of November 13th. There is a similar weak period, 
but not quite so marked, in the Ongar-Glace Bay 
service (GB, A = 7 800) at about a symmetrical time 
in the early part of the year, i.e. about the beginning of 
March, which may perhaps be attributed to the same 
cause, whatever it may be. 

All our measurements sho^ an abnormally high 
attenuation on Bordeaux*s longer wave, to an extent 
we should consider outside the limits of experimental 
error, and indicate that the 18*36 km wave is normal. 
This, of course, depends on how one defines '* normal ** 
transmission. On the basis used throughout the paper, 
however, the long wave is certainly the abnormal one. 

The estimate of land absorption based on the relative 
strengths of signals from a given station at two ranges, 
one of which includes more land than the other, should, 
we thi nk , bear more weight than one which involves 
the use of two different and differently situated 
stations each, as were used by Mr. HoUingworth. The 
former estimate is freed from any assumption as regards 
the effective radiation from the given station or stations, 
whereas the latter is not. Moreover, the estimate in 
the particular case referred to does not rest on the 
basis of the observations of two stations only, but has 
the additional evidence of the measurements made on 
Clifden, Glace Bay and Rocky Point (WQK), the 
latter two being measured at Poldhu and Broomfield 
simultaneously, the ray to Poldhu being also practically 
wholly over sea. 

In the case of GB signals the difference was very 
marked indeed, the signals at Poldhu being as much as 
3*8 times stronger than those received simultaneously 
at Broomfield. The atmospheric absorption should in 
this case only account for an increase of 1*4 times the 
signal strength. The case for a very considerable 
reduction due to land absorption is, we consider, quite 
strong. 

Mr. HoUingworth does not indicate how he arrives 
at his estimate of the height of the daylight reflecting 
layer, but we agree with him that there is apparently 
evidence of an increase of height in the winter time, 
although our estimate of the change is not so great as 
his. The reply to Mr. Hollingworth^s criticism with 
regard to daylight interference effects is, we think, 
contained in our reply to Dr. Smith-Rose. 

The point raised by Mr. Barfield is a little difficult to 
discuss in view of our present ignorance of the 
mechanism of dielectric loss. The experiments on 
this loss made in connection with the investigation of 
transmitting aerial resistances showed clearly that it 
was the vertical electric forc^ which was responsible 
for this loss, and suggests that the energy in this case 
was transmitted practically horizontaUy over the 
earth*s surface to the place where it is lost. With 
regard to the transmission losses in big structures on 
the eaxth*s surface, the same argument would apply. 
The observations ^of the tilt of the wave-front over 
grassy surfaces would suggest that the loss under such 
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conditions is purely resistive, and the dielectric loss, if 
it is present, should be attributed to the larger structures 
such as trees, bushes* houses, etc. The question with 
regard to high-angle reflection has already jDeen dealt 
with. 

In reply to Messrs. Espenschied, Anderson and 
Bailey, who raised the question of diurnal signal 
characteristics, with regard to the contrast between 
day and night signals it must be remembered that the 
results obtained by us across the Atlantic refer to 
very much longer waves than those employed in the 
transatlantic telephony'* experiments, where the dif¬ 
ference between day and night values are much greater. 
It should be noted that the particular results referred 
to are rather in the nature of exceptions and that over 
very great distances the attenuation constant at night 
appears to be approximately one-half the day-time 
value in the range of wave-lengths 6-25 Ion (see 
page 987), It is interesting to note the apparent con¬ 
nection with disturbance of the earth's magnetic field, 
but a large amount of material is necessary before a 
correlation between the disturbance of ihe earth’s 
magnetic field and the attenuation of radio signals can 
be established definitely. 

Comparison of normal daylight transmission ,—It 
is satisfactory to note the agreement between the 
measurements made by two difierent measuring instru¬ 
ments^ It might be well to correct the impression 
which might be suggested by the comments of Messrs. 


<> 

Espenschied, Anderson and Bailey, viz. that we have 
neglected to take account of variations in transmittf^d 
power.'' There are, no doubt, some cases where the 
necessary information was not forthcoming, but all 
the results obtained on the S.S. "Dorset” were, by 
the courtesy of the Radio Corporation of America, who 
gave us copies of the transmitting logs, reduced to 
constant transmitting current. Similar reductions to 
constant transmitting current were made in the case 
of Carnarvon, Clifden and Glace Bay, and the agreement 
of the results obtained firom these with those obtained 
from other stations suggests that the effect of varia¬ 
tions of transmitted energy from the latter cannot have 
been of very great importance when averaged over the 
long period of reception. 

The variations of the transmitted power from the 
American stations during the return voyage on the 
S.S. " Boonah ” may account for the rather wide scatter¬ 
ing of the values of a obtained. The empirical formula 
developed by Messrs. Espenschied, Anderson and 
Bailey is certainly in good agreement with the results 
obtained, but, as stated in the paper, it has the dis¬ 
advantage of being purely empirical, so that very 
little information can be gleaned from the fact that the 
falling-off of signal strength can be expressed in this 
manner. There are probably a large number of 
different empirical formulae which would agree with the 
observations with the same degree of accuracy, so that 
too much stress must not be laid on any particular one. 


1012 


NIXON: THE REVERSED-ROTATION SHORT-CIRCUIT 


THE REVERSED-ROTATION SHORT-CIRCUIT TEMPERATURE-RISE OF 

INDUCTION MOTORS.* 


By J. H. R. Nixon, Associate Member. 


{Paper first received Isif January, aind in final form lih May, 1925.) 


Summary. 

The paper analyses a method of testing induction motors 
for temperature-rise, used mainly when means of loading are 
not available. 

It is shown that the results of such tests are of the 
greatest value when studied in conjunction with certain 
design features of the machines, and simple expressions 
are developed which enable the test-measurements of heating 
to be converted to probable values of full-load temperature- 
rise. 

The conclusions reached are compared with the results of 
actual tests. 


The problem of obtaining and dissipating large 
quantities of energy renders the full-load temperature 
testing of large machines at makers* works an under¬ 
taking of great practical difficulty, and recourse has 
generally to be made to some form of equivalent heat 
test by which the losses of the machines are simulated 
without undue expenditure of energy. It is seldom, 
however, that such equivalent tests produce direct 
indications of the normal heating under full-load con¬ 
ditions, and the results must be appreciated with regard 
to the nature and distribution of the losses in addition 
to the manner of cooling, in order to obtain a true 
estimate of their meaning. The paper is an attempt 
to show how the results of an equivalent test applied 
to induction motors may be interpreted, by simpfe and 
practical methods, into reasonable indications of full- 
load temperature-rise. 

The test, known as the ** reversed-rotation short- 
circuit test,*' is made by driving the rotor at normal 
full-load speed in opposition to the direction of the 
rotating field due to the magnetizing current in the 
primary windings, that is, in the opposite direction to that 
in which it lyould tend to run normally. The secondary 
\sradings, which? are usually on the rotor, are short- 
circuited and a^supply voltage, of the same peiiodicfty 
and number of phases as that foi* which the primary 
windings are designed, is impressed upon the stator 
windings (as^ming they are primary), and the voltage 
is adjusted to a value which will circulate full-load 
current in these windings. The machine is run under 
these -conditions until the temperati;res are steady, 
when observations of the temperature-rise are carried 
out in the usual way. It is evident that since the rotor 
is running at its normal speed, the conditions of ventila¬ 
tion in the machine will be the same as are present in 
service, provided the normal air supply is available for 

* Thesis accepted*ia lieu of the Associate Memb^^p Eata mlpflfJrm. 


the test, which, with the exception of special cases, 
should present no difficulty. Furthermore, it follows 
that the rotational losses due to windage and friction 
will not differ greatly from the values obtained in 
service. 

The remaining losses which appear in the form of heat 
are:— 

(1) Stator copper loss ; 

(2) Stator iron (or core) loss ; 

(3) Rotor copper loss ; 

(4) Rotor iron (or core) loss ; 

and these will be considered in separate relationship 
to their full-load values. 

(1) Stator copper loss ,—^This is made up of JfiB and 
eddy-current losses, each dependent upon the cfurrent 
circulating in the stator windings. Since this current 
is adjusted to its full-load value, the loss in the copper 
during the test is equal to the loss at full load. 

(2) Stator iron loss ,—^The rotor windings are short- 
circuited and consequently a comparatively low voltage 
is required at the stator terminals to circulate fuD-load 
current in the stator windings. In fact this voltage 
corresponds to the impedance voltage of the machine. 

Let E.pj^ = the normal pressure per phase for which 
the stator windings are designed. 

Z' = the total equivalent impedance (stator and 
rotor) per phase. 

= the normal full-load stator current per 
phase. 

K = & constant. 

Then, with short-circuited secondary 


whence 




Now by the well-known fundamental relationship of 
voltage and magnetic flux 

E = 4:-4c4KJyT^(!> X 10-S 

That is, in a given machine and at normal frequency 
E « where JSCg is a constant. 

Hence the main flux and consequently the magnetic 
densities due to the main flux are directly proportional 
to the^ applied voltage E, In the test the applied 
voltage is •therefore the main flux is equal to 
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0/K and the magnetic density due to this flux is equal 
to B/K, where B is -^le normal density due to O* 

Now the iron loss is made up of hysteresis and eddy- 
current losses, and varies with the magnetic* density in 
accordance with well-known laws as follows:— 

Hysteresis loss varies as 5^*®. 

Eddy-current loss varies as B^. 

From this, the iron losses in the stator core and 
teeth due to h 3 rsteresis^ and eddy currents under the 
conditions of this test may be written, relatively to the 
losses at full load, as (l/iC)i*® and (I/jK)^ respectively. 

The value of K for an average machine is 6, and 
taking' thi.«s value as an example the above ratios are 
1/13*2 for hysteresis losses and 1/25 for eddy-current 
losses, from which it is evident that the iron loss in the 



stator is small enough to be neglected from ^e point 
of view of its influence upon the temperature-rise. 

In addition to the above-mentioned loss a certain 
amount of iron loss is produced in the stator teeth by 
stray flux du.e to current flowing through the windings. 
This loss is not easy to calculate and, from the point 
of view of heating, may be neglected, particularly as it 
is also present at full load. 

(3) Rotor copper loss .—^The losses in the rotor copper 
exceed the losses at full load for tlie following reasons :— 

(a) The current in the rotor (secondary) windings is, 
by reason of the windings being short-circuited, 
greater than full-load current. 

(&) Eddy currents exist in the copper which are not 
present at full load. 

(c) Following upon the increased loss and the con¬ 
sequently increased temperature, the final resis¬ 
tance of th^ windings is higher. 

These effects will be discussed in ^tail, as they con¬ 
stitute a predominating factor in the results obtained. 

Voh. 63. 


(a) The relationships between stator and rotor 
currents are made clear by higs, 1 and 2 which ^e 
drawn to the same scale, the stator current having 
the same value in each case. Now the resulting 
magnetizing effect of the st^.tor and rotor currents 
and is equal to the magnetizing effect of the 
current Ijn. Under the conditions of test^ Jjjf is 
negligible and the magnetomotive force of the rotor 
current may be regarded as equal and opposite to 
the magnetomotive force of the stator current, that 
is to say, where Jg denotes the rotor current 

in terms of the stator winding. 

If cos <l> is the full-load power factor of the motor, 
and is assumed to be 90 degrees out of phase with 
Epjt, then, by the geometry of Fig. 1, 

I'i = ll +A- cos (90 - 4>) 

Let Im — where is a constant, 

then I'i = /? -I- k\i\ - sin 4> 

i.e. I'i = Ii(l + Kl-2Ka sin (f>) 



E|g. 2.—Stator and rotor currents at short-circuit. 

% 

Now in the test I 2 = hence the ratio of rotor 
current to its value at full load is 

h _ h _ 1 - 

4 IiV(l +^^l-sin <l>) V{1 + sin <l>) 

and, since the loss is proportional to th^ square of 
the current, the increase in rotor copper loss from 
•this source is in the ratio , 

•* _ I --- .... ( 1 ) 

1 + - 2^:3 sin ^ «* 

It may be noted in passing that this ratio is appr^i- 
mated to very closely by the expression (1/cps (p) , 
but the latter is likely to give incorrect results if 

used indiscriminately. , 

(Z)) Loss due to eddy currents .—^When the motor is 
developing its full-load torque at its natural speed, 
the sUp is small and therefore the frequency of the 
induced current in the rotor windings is low ; but in 
the test the rotor is driven at full speed in opposition 
^ 67 
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to the rotating field of the stator, hence the frequency 
t)f the induced current is practically double tjiat of 
the supply frequency, and, whereas at fuE load the 
eddy currents in the rotor copper produce a loss 
which is negligible, the^ loss at double the line fre- 
quency is likely to be, formidable. The loss from 
lids source may be calculated readily from the curves 
due to A. B. Field. 

(^) Loss due to increased resistance* —To take this 
loss into account is probably a refinement which 
is hardly justified in view of the approximations 
necessarily involved in a test of this nature, but 
it can be so quickly estimated that there is little or 
nothing to be gained by ignoring the extra loss 
involved. According to B.S.S. No. 72 of 1917, the 
temperature coefficient of the change of resistance of 
copper is to be deduced from the formula 

1 

234-6 + 

where is the initial temperature of the winding in 
degrees C. 

Then if = the final resistance, 

= the initial resistance at t^ ®C., and 
t = the temperature-rise in degrees C., 

■Bi=-Bo(l + 234:f+*„) 

. E^ _ _ t 

234-6 + t(, 

This equation can be conveniently expressed in the 
form of a chart (Fig. 3) which enables the increase 
in resistance for a given temperature-rise to be read 
at a glance. 

For example:— It is required to find the increase 
in resistance of copper the temperature of which has 
been raised by 26 deg. C. from an initial temperature 
of 26® C. 

Read horizontally from the ordinate at 26° C. ?o the 
point of intersection with the lower curve, and from 
this point proceed vertically to the given temperature- 
rise on the inclined scale. The point thus found is 
the ordinate of resistance increase, which may be 
read directly from the appropriate scale by horizontal 
projection. The result in the example is 1-1, i.e. 
10 per ceqt increase in resistance above that measured 
at the initial temperature. 

• 

(4) Rotor iro^ loss* —^The losses in the rotor at full 
load are inappreciable, but they become of greater 
magnitude wfeen the rotor is run as in the test. Although 
the main flux does not link with the rotor, the leakage 
flux due to the rotor current threads mainly the rotor 
teeth and is of double the line frequency, consequently 
the ensuing loss is not inconsiderable. Unlike the 
corresponding loss in the stator teeth this is not present 
at full load, due partly to the different value of the 
current but mainly to the great difference in frequency 
of this stray fliix between normal slip frequency and that 
of reverse rotation. However, this iron loss is exceed-,* 
bagly complex and difficult to calculate accurately. 


For practical purposes it may be assumed to be equiva¬ 
lent to the loss in the teeth at 20 tOc26 per cent of normal 
density calculated at a frequency which is double that 
of the supply. The lower percentage is applicable to 
machines having few poles, and increases slightly with 
the number of poles. 

Influence of the Rotor Losses upon Stator 
Temperature. 

From the foregoing considerations it would be expected 
that the temperature measurements made on this test 
would show the average rotor temperature-rise to be 



higher than at full load, and the average stator tem¬ 
perature-rise to be lower. This would be true of a 
machine having pure axial ventilation and with the air 
paths so disposed that air which has cooled the rotor 
does not influence the temperature of the stator. How¬ 
ever, the most common arrangement is that which takes 
advantage of the natural draught of the rotor and results 
in a combination of radial and axial ventilation in which 
a large proportion, if not all, ef the air which cools the 
stator first passes through or by the rptor. The extent 
to which tlm occurs will influence the temperature-rise 
of the stator over and above that due to its losses alone. 

It is therefore irdportant to hav^ an approximation 
of the proportion of stator cooling air which has received 
heat from the fotp? prior to entering the stator, in order 
to. estimate the effect of the rotor excess losses upon the 
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heating of the stator. Suppose, for example, that the 
whole of the stator cooling-air first passes through 
the rotor, then at full load the air entering the stator is 
raised in temperature by an amount proportional to the 
full-load losses occurring in the rotor. Now on the 
short-circuit test this is raised by a further amount on 
account of the extra losses in the rotor, and the tem¬ 
perature-rise above atmospheric temperature of the 
stator carrying the same loss under each condition 
would be higher on short-circuit by that amount. 

^ temperature of the atmosphere surrounding 
the machine under test. 

T-i = temperature of the air leaving the rotor at 
full load. 

V = proportion of stator cooling-air which has 
received heat from the rotor. 

Let it be assumed that the temperature of the air 
passing the rotor is raised in proportion to the losses 
carried by the rotor. 

Then at full load the temperature of the air entering 
the stator is 

. VT^+{1-V)T^ 

If W^fi = rotor loss at full load and TF 2 SC — ^^tor loss 
at short-circuit, the temperature of the air leaving the 
rotor jat short-circuit is 

and the temperature of the air entering the stator is 

-f- (1 - V)T^ 

The primary concern is the amount by which the 
temperature of the air entering the stator at short- 
circuit exceeds tliat at fuU load, as this may be regarded 
as a definite addition to the temperature-rise of the 
stator. 

Increase of temperature 


sion will have the same effect upon the stator t^- 
perature-rise above atmosphere as though it occurred 
in the stator itself. It may therefore be assumed to be 
located in the stator and form an artificial part of the 
stator losses. 


Effect of the Separate Losses upon the Tem¬ 
perature-Rise OF THE Stator. 

If the copper were so insulated from the iron that no 
flow of heat could take place between copper and iron, 
or vice versa, the temperature-rise of each element 
would be proportional to its own losses, independently 
of the other. Thus, with no iron loss and full copper 
loss, whilst the copper would reach its normal tem¬ 
perature-rise, the iron would not rise above the tempera¬ 
ture of the air passing by it. In practice, an exch^ge 
of heat does take place between copper and iron, 
according to the type of insulation used, and this 
insulation may be broadly divided into two classes, 
viz. that used for low-tension and for high-tensipn 
windings. The ordinary insulation adopted for low- 
tension windings offers but little resistance to the flow 
of heat, and this naturally results in fairly even tem¬ 
peratures throughout the stator, whatever the distribu¬ 
tion of the losses. If F>e and denote the core loss 
and copper loss respectively in a low-tension stator, 
the temperature-rise measured at any part of the stator 
may be regarded as proportional to {Wfe + J^cu)- 

Now on short-circuit with reversed rotation the value 
of Wfe is negligible, and it has been assumed that the 
stator carries a loss equal to ^ 2 /^)* 

Hence if = tlie temperature-rise of the stator on 
short-circuit and tf = the temperature-rise of the stator 
on full load 

_ + ^f(g 


and the probable value of 

" , T -1 

«/ - - W^fi) + 


( 2 ) 


+ (1 - + (1 - POTj] 

Now since depends for its actual value upon TTg/j 

where Z 4 is a constant, and, by substitution, the 
increase of temperature 

That is to say, the temperature-ng^ is proportional to 
V(W 2 ie — obtained by this expres- 


The tjrpe of insulation used for high-tension windings 
affords a somewhat more special problem, for the 
thickness of the insulation between copper and iron is 
such that a considerable heat gradient may exist, and 
the probable temperature-rise at full load-, needs to be 
estimated in a slightly different way. 

Let tcu = temperature-rise of the Sopper at short- 
circuit*(measured on the end windings). ^ 
ss temperature-rise of the core ai short-circuit. 
tjjQ s= temperature-rise of the core at full load. 

=5 temperature-rise of the cooling air above 
normal. 

Now the iron core is receiving heat from the cooling 
air (preheated by the rotor) and from the stator copper. 

Temperature-rise of iron due to copper loss in winding 

= %Se — t —t 

Now in watts, say, this is equivalent to - 
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Then the iron temperature-rise at full load relatively 
to the temperature-rise at short-circuit • 


625-volt 60-cycle three-phase circuit, and the average 
temperatures observed were as follows :— 


and 


^ ^ ^fe 

^sfe {.(hfe ““ 

tpt = ^ hSe 


(3) 


The temperature-rise of the copper at full load 
would be 

*ffe + (W — .(^) 


After 6 hours at full load :— 

Stator 66«6® C. Rise = 38*6 deg. C. 

Rotor 37 • 0® C. Rise = 19 • 0 deg. C. 

Room 18*0® C. 

After 6 hours at reversed-rotation short-circuit :— 
Stator 65*0° C. Rise = 36*0 deg. C. 

Rotor 64-0° C. Rise = 36*0 deg. C. 

Room 19*0® C. ^ 


Table. 


Brake horse-power 

160 

260 

Speed, in r.p.m. 

485 

226 

Voltage 

440 

400 

Frequency, in cycles per sec. 

60 

60 

No. of phases .. . 

3 

3 

Full-load stator copper loss, watts . 

3 610 

7 140 

Full-load stator iron loss, watts 

4 330 

4 350 

Full-load rotor copper loss at room temperature, watts 

2 600 

3 900 

Estimated full-load power factor 

0-87 

0-77 

Steady temperature-rise after reversed-rotation short-circuit run with full-load 



stator current— 



Stator .. . 

31 deg. C. 

66-5 deg. C. 

Rotor 

40 deg. C. 

64‘0 deg. C. 

Temperature of surrounding air 

17® C. 

20*0® C. 

Multiplying factors for excess rotor loss— 



By excess current .. .. . 

T33 

1*61 

By eddy current . 

1*44 

1*73 

By resistance .. ’ .. .. . 

M6 

1‘213 

Total rotor copper loss, watts ,. .. .. .. ,, 

5 770 

13 200 

Iron loss in rotor teeth, watts.^. 

420 

680 

Total rotor loss in test, watts 

6 190 

13 780 

Full-load rotor loss, watts 

2 780 

4 160 

Calculated full-load temperature-rise of rotor (by Equation 6) 

18 deg. C. 

16 deg. C. 

Calculated full-load temperature-rise of stator (by Equation 2) [F = 1] .. * .. 

36 deg. C. 

39 deg. C. 

Measured full-load, temperature-rise of rotor .. 

17 deg. C.* 

19 deg. C. 

Measured full-load temperature-rise of stator .. 

31 deg. C.* 

40 deg. C. 

Temperature of surrounding air 

• 

18® C. 

21® C. 


^ * Measured after a rua iu wliich the load averaged 95 per cent of full load. 


T^peratxtre-Rxse of the Rotor, 

This may be simply deduced from the ratio of the 
losses at short-circuit to those at full load in proportion 
to the^ short-circuit temperature-rise. Let this latter 
be ^ 280 - Thus the probable full-load temperature-rise is 




(6) 


Application of the Method to an Actital Case, 
Heating tests «were carried out upon a 100-b.h.p. ’ 
induction- motor designed to run at 7J0 r.p.m. on a 


The following data are deduced from no-loa;d and 
locked-rotor short-circuit readings in addition to resis¬ 
tance measurements:— 

Magnetizing current at normal 

pressure. 4Q amps. 

Full-load stator current per phase 106 amps. 

Full-load stator copper loss .. 2«720 watts 

Full-load stator iro^^loss .. 2 710 watts 

EstimatM full-loaA,.power factor 0*86 
Full-load rotor copper loss ., 2 030 watts at 19® C. 

• ^ r 
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Rotor Losses on Short-Circuit. 

(a) Increase aboife full-load copper loss by excess 

current (by Equation 1) :— 

0.3,8) 

__ I -- 1.36 

1 -h 0-3782 _ (0-766 X 0-627) 

(b) Increase by eddy currents at 98 cycles per sec. 

(from Field's curves) = 1-36 

(c;) Increase by resistance (from Fig. 3) = 1-14 
Total rotor copper\ = 2 030 X 1*36 x 1-36 X 1-14 
loss .. .. J = 4 260 watts. 

Allowance for iron 

loss in teeth .. = 260 watts. 

Total rotor loss on 

short-circuit .. — 4 610 watts. 


The probable full-load temperature-rise of the rotor 
may now be roughly estimated as (2 030/4 610) X 36 

Jeg. C. = say 16 deg. C. r ij i 

From Fig. 3 the increase in resistance from cold =1-00. 
Hence full-load rotor loss = 2 030 X 1 • 06 = 2 160. 
And the probable full-load temperature-nse of the 
rotor (by Equation 6) is 


" ^ X 36 deg. C. = 16-6 deg. C. (approx.) 
4 610 


Probable full-load temperature-rise of sta.tor by 
Equation (2), where V is assumed to be unity, is 



2 710 + 2 720 


(4 610 - 2 160) + 2 720, 


0 - 


38-6 deg. C. 


The results of similar observations which Ayere made 
on other machines are given in the table on page 1016. 


the full-load rotor current continuously may be tested 
with its stator windings short-circuited and with a suit¬ 
able supply voltage applied to the rotor. Normally 
the supply would be connected to the stator when the 
motor is in service, but-if the test is arranged in this 
special way the stator windings carry the double¬ 
frequency current and the rotor current is at norm^ 
line frequency. This is particularly valuable for mini¬ 
mizing the losses due to eddy currents if the rotor bars 
are of heavy section and the stator windings of com¬ 
paratively small section copper. The rotor current 
should be adjusted to a value corresponding to full-load 
current in the stator, where the full-load copper loss is 
to be produced. (It is presumed that the copper is 
small enough to allow the eddy-current loss at twice 
the normal frequency to be neglected.) In the rotor 
the current exceeds the value it would have at full 
load when the motor runs with the supply on the stator, 
and the extra rotor loss from this source and that loss 
contingent on the rotor frequency may be estimated on 
the lines already laid down. Hence the temperature- 
rise under these conditions on both stator and rotor 
windings affords a good indication of what may be 
expected on load if interpreted in accordance with the 

previous argument. , . . a-u 

(2) It is sometimes found inadvisable to subject the 
rotor or the stator to currents which have a frequency 
double that of the line, owing to the prohibitive eddy- 
current losses which would result. The test on such a 
machine may be carried out by applying a supply 
voltage of half the normal frequency to the prtaary, 
still maintaining the normal speed of the rotor in the 
reverse direction. If /i = the normal frequency, the 
applied frequency is and, since the rotor is running 
at nearly double the synclironous speed relative to 
J/jL ^ reverse direction, the frequency of the 

secondary current is 


A + S6_!/, 
2 2 2 ''^ 


Variations of the Method of Conducting the Test. 

There are two principal deviations from the manner 
of carrying out the test on the lines previously described, 
and these axe applicable to special cases, the iiiain 
principles of reversed rotation and short-circuited 
secondary being adhered to in each'case. 

(1) A motor fitted with slip-rings capable of carrying 


which will help to keep down the eddy-currenf losses 
and, incidentally, the iron losses due to stray fiux. 

The figures and tests relating to actual motors 
used by courtesy of The Brush Electrical Engineering 
Co., Ltd. 
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THE REGULATION OF THE EARTH POTENTIALS OF ALTERNATING- 

CURRENT SYSTEMS.* 


By T. R. Warren, B.Sc.(Eng.), Student. 


(Paper first received bth January ^ and in final form 20th March, 1925.) 


Summary. 

The determination of the change in the value of the earth 
potential of any part of an alternating-current system, 
when that part is earthed through an impedance of known 
value, is one of the primary aims of this paper. The author 
has already investigated the problem for systems in which 
the earth capacity currents can be safely neglected, f but, 
since this condition does not always hold even approximately 
in practice, it is hoped that the complete solution of the 
problem will prove more useful. * 

The first part of the paper is devoted to the derivation 
of a simple equivalent network which represents the various 
leakage paths of the system, the method of solution being 
based on Kirchhoff^s Law. The completeness of the theory 
in regard to its application under normal conditions of 
working is then demonstrated, and the effects due both to 
the presence of harmonics in the E.M.F. waves and to the 
voltage-drop along the mains are fully considered. 

Following this there is a short description of methods to 
determine the values of JP and K without interrupting the 
supply to the consumers. Formulje are given which enable 
the separate values of/i, and /g to be obtained in the case 
of three-wire three-phase Systems. 

The last section contains a discussion of the Petersen coil 
method of earthing, special reference being made to transient 
current phenomena. The dangers attending the use of the 
coil are explained, and it is pointed out that this method 
of earthing would be expected to fulfil the same duties on 
any type of alternating-current S3^tem, irrespective of the 
form of its voltage diagram. 


Introduction. 


It is now more than 20 years since experimental 
methods of determining tlie insulation resistance of 
direct-current systems under normal working conditions 
were first introduced, and in connection with these it 
will be sufficient to mention the names of Dr. A. Russell 
and ]Mr. F. C. Raphael. Dr. Russell also showed how 
the decrease ftn the earth potential of any main when 
connected to earth through a resistance of known 
value can be predetermined, provided the value of the 
insulation resistance of the system is known. This 
work has since proved to be of the greatest value to 
engineers both in the maintenance of supply mains and 
in the calculation of earthing resistances. 

The need for dealing with alternating-current S 3 rstems 
along the same lines soon arose with the adyent of 
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the more economical type of transmission, but, owing 
to the presence ,of the capacity effect between the 
mains and earth, it did not appear that the complete 
solution of the problem would, if obtainable, prove 
simple enough for ordinary practical purposes. It will 
be seen, however, that there is a distinct parallel 
between the alternating-current and the direct-current 
cases, the latter being merely a particular case of the 
former. This statement will become perfectly clear if 
we first^ examine the formula which gives us the insula¬ 
tion resistance F in terms of F, the earth potential of 
one of the mains, and V\ the new potential when this- 
main has been connected to earth through a known 
resistance x ; for we have 



and the value of F' in this expression is clearly ^con¬ 
sistent with the value of the E.M.F. across a resistance 
a? which is itself in series with a resistance F, the whole 
circuit being supplied with an electromotive force F, 
The existence of the equivalent network in the d.c. 
case at once leads us to suppose that a sinailar network 
possibly exists in the case of a.c. systems. It will be 
made abundantly clear in what follows later that this 
is indeed the case. 

In arriving at the above formula it has been usual 
to assume that (1) all the leakage paths are located in 
the mains, and (2) each main is at the same potential 
throughout its length. Now, strictly speaking, neither 
of these assumptions is always realized in practice and, 
moreover, neither of them is actually necessary in- 
proving the theory. Thus, instead of considering 
finite portions of the systems which are supposed to be 
at the same poteniSal, we shall consider a given point 
and investigate the lealcage current from it. The 
voltage diagram provides us with a convenient method 
of illustrating the problem, since actual points on the 
system can be represented by means of corresponding 
points on the diagram. 

Derivation of the Equivalent Network. 

In order to avoid the possibility of confusion arising 
over the use of certain terms, it is necessary to define 
what is meant by insiilation resistance " and earth 
leakage capacity.*' By these we niean the resistance 
and capacity respectively between the various parts of 
the system and earth. These terms, therefore, do not 
take into account- the leakage pajhs between the 
various parts of the system itself, because any currents 
flowing through tl^e are merely in the nature of an 
ordinary load, and,'since they do not flow to earthy 
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they do not in any way affect the values of the earth 
potentials. ^ 

We shall first consider the case of a polyphase system 
in which the potential waves are sine-shaped, so that 
all the alternating quantities considered may be repre¬ 
sented by means of systems of co-planar vectors. The 
more general case in which harmonics are present will 
be dealt with afterwards by means of the method of 
superposition. In Fig. 1 let PQ be any axis fixed 
with reference to the voltage diagram of the systeni, 
and let O be the point of zero potential. Since O is 
free to move in a plaife, its position is expressed as a 
function of two independent variables, and ^o equa¬ 
tions will therefore be necessary to locate it; these 
equations are deduced from Kirchhofi's Law. 

If A is any point of the system whose earth potential 
is represented by the vector OA maldng an angle 6 



with the fixed axis, the leakage current Oj, at A will be 
given by 

where fj; = the insulation resistance at A, 

~ the earth leakage capacity at A, and 
oj = 27r X frequency. 

Also by Kirchhoff's Law we have 
. = 0 

the s)nnbol S denoting a vector sum. Therefore by 
resolving all the components of the , leakage currents 
in directions parallel and perpendicular to the fixed 
axis we obtain, as the two equations determining the 
position of O, 

cos d + cos ^0 + = 0 

and sin 6 + IjAPcoJcj, sin ^0 -j- = 0 

These may be written 

2—cos 0 - SAOw&^sin (? = 0 . . (1) 

/a ' 

sin 0 + SAOwfc^ = 0 •• . (2) 

/a 


If we now earth any point B (say) through a 
resistance x and a reactance t, then O will take 
some new position and (1) and (2) become 

AO' 

cos &' - sin,r 

-RO' BO' 

+ 22.cos^ + —sin^=0 . (3) 

iC ^ 

2^ sin 0' + SAO'n)fcx cos 0' 

^ BO' . . BO' , . 

-|-sm ^-cos 9 = 0 . {4) 


where 0^ is the new value of 6, and <j> is the angle made 
by BO' with the fixed axis. 

In the two preceding equations r is assumed to be 
inductive, but the alternative case in which it takes a 
leading current is easily taken into account by changing 
the signs of the terms in question. 

By subtracting (1) from (3) and (2) from (4) we have 

OD BO' , BO' . , 

2^ - ZO'Dcohj, + -cos ^ + — sm ^ = 0 

ja ^ ~ 

O'D BO' . , BO' j ^ 

+ SODa)fc 4 H- — sin ^ — cos .^ = 0 


where D is the point of intersection of the parallel to 
the axis through O and the perpendicular to the axis 
through O' (Fig. 1). 

Since OD and O D are constants, these equations 
may be written 

^ — 0'D<i)K + cos^ + ^ sin ^ = 0 . (5) 

O'D BO' , j BO' , . ... 

^ + ODwK+ —aia<l>-—cos^= 0 . (6) 


Let us next replace all the leakage paths of the 
system by a resistance JF and a condense: of capacity 
K at O, and suppose that the point of zero potential 
is now at some new point O", while D is at some new 
point D'. Then by resolving the currents as before 
we get 


2.— — 0"D'<aK + cos sin ^' = 0 

22H1 + OD'cuJS: +■ 52- sin 0 


■vi^ere S' is the new value of (j). m 

These equations clearly similar in form to 

Equations (6) and (6) and, as in the previous case, 
■fliey are each functions of the two variables which 
determine the position of 6". This being so, it is 
clear that the positions of O' and 0"are each determined 
as the same function of the quantities F, K, af and r, 
and consequently these two points must coincide. 
This leads us at once to the impOTtant conclusion that 
the potential of any part of the system is regidated as 
though all the leakage paths are concentrated at a point 
of zero potential. The meaning of this is conveniently 
“ illustrated by means of the equivalent network shown 
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in Fig/2, in which JE* and K in parallel are in series 
wijh X and r in parallel; the E.M.F. applied to the 
network is the original potential of the part of the 
system earthed, whilst the E.M.F. across x and r is 
the same as in the actual, case. 

In obtaining this result it has been assumed that 
the shape of the voltage diagram has not altered during 
the test, apart, of course, from the shifting of the point 
of zero potential. This assumption is perfectly admis¬ 
sible, provided that the load remains approximately 
constant, and also that the current through the artificial 
leak is not large, as otherwise there will be distortion 
due to voltage-drop. It is easy to see that the latter 
consideration interferes with the investigation of cases 
where heavy fault currents occur, since a correction 
now has to be applied which depends upon the constants 
of the system. 

Before proceeding to investigate the applications of 
the theorem, it is important to determine the effects 
due to the presence of harmonics in the E.M.F. waves 
and to see whether the theory has to be modified in 
any way. The answer to this is readily seen if we 
consider each harmonic to exist separately; the 



equivsdent network obtained in each case is the same, 
since the values of F, K, x and r are independent of 
the frequency. Thus, by superposing on one network 
the various harmonic components of electromotive 
force, the resulting current will be identical with the 
actual current flowing through the artificial leak. 

^ Practical Applications. 

One of the most important questions with which 
station engineer^, have to deal is the interruption 6f 
supply due to faults. In the case of high-tension 
systems, experience shows that faults frequently occur 
on mains whtch are apparently sound, and thus we 
have no means of predicting their occurrence. In 
low-tension systems, however, faults are usually pre¬ 
ceded by a gradual deterioration, of the insulation of 
the faulty section, thus giving warning of the approach 
of a breakdown. The importance of being able to keep 
a continuous record' of F can, therefore, hardly be 
over-estimated, since a sudden decrease in its value 
may always be taken to herald the approach of trouble, 
whatever the typ§ of system may be.. 


It may be mentioned that cables embodying " test 
sheaths are being received with jjncreasing favour by 
the electrical engineering industry, since these enable 
the insulation resistance of that part of the cable 
exterior to the sheath to be found separately for each 
feeder. In this way the faulty sections axe immediately 
located, and, where possible, repairs are executed. 

The importance of knowing the value of K is, in 
general, less than that of knowing F, but exceptions 
occur in cases of systems earthed through inductances. 
In particul^ we might take the case of the Petersen 
coil which is more fully considered in the last section. 
With this type of earthing, the effect of the capacity 
is neutralized by the inductance of the coil which is 
tuned to resonance with it at the fundamental fre¬ 
quency. Knowing K, therefore, the value of the 
inductance required is also known, and the coil can 
then he designed accordingly. 

Another important class of problem which calls for 
solution is the following. Suppose we wish to reduce 
the potential of any part of a system to a given value. 
What earthing resistance will have to be connected to 
this part in order to effect this ? The answer to a 
problem of this type is easily calculated from the 
equivalent network, provided we have previously found 
F and K, methods of doing which will now be suggested. 



Fig. 3.—^Diagram showing how the capacity effect in a 
system is neutralized by means of an inductance. 

Determination of F and K, 

The method of procedure which appears to be the 
most convenient from a practical point of view is as 
follows. Connect a variable inductance between any 
convenient part qf the system which is at a low 
potential and earth, at the same time noting the 
voltage across it by means of an electrostatic volt¬ 
meter. When the reading on the meter reaches a 
maximum value for a given value L of the inductance, 
then K may be found from the formula 



This relationship is only strictly true when no 
harmonics are present, but, in cases where a serious 
error may be introduced by making such an assumption, 
resonance with one of the harmonics can easily be 
obtained by means of an oscillograph, and the value of 
K can then be found. 

If the inductance is retained in position, the system 
now virtually poseesses fault resistance only, as is 
easily seen by the-equivalent network (Fig: 3) which 
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represents tliis new condition. It follows at once tliat 
F may be found by connecting a known resistance x 
between any part of *the system and earth, and then, 
by noting the potential V before the connection is made 
and its new value V' afterwards^ we get 



An easy way of obtaining the total fault impedance 
is to observe the potential (say) of any part of the 
system and the currenj: J which flows through an 
ammeter connecting tliis part direct to earth. We then 
find 

■ 

By the use of this formula we need not know the value 
of L in ( 7 ), since K may be found from ( 8 ) and (9) to 
be given by 

This formula, however, will not give reliable results 
when <^K is small compared with IfF, since small 
percentage errors in the meter readings may introduce 
in this particular case a large error in tlie value of K. 
Generally speaking, therefore, it will be better to use a 
calibrated inductance and so be able to read the value 
of i:. 

We may take as an example a system having a 
frequency of 60 cycles per second. If L is 0*6 henry, 
then 


It is an interesting fact that the power consumed in 
the resistance x in formula ( 8 ) reaches its maximui^i 
value when x == F, It is unfortunate, however, that 
in most of the cases met with in practice this power 
is too small to be measured conveniently by a watt¬ 
meter. for otherwise we should be furnished with a 
convenient method of measuring F directly from a 
calibrated resistance. 

In order to keep a watch upon the state of the insu¬ 
lation resistance of three-phase systems, electrostatic 
voltmeters are sometimes connected between the mains 
and earth, a low reading on one of the meters being 
taken to indicate that a fault is developing in the main 
to which this particular meter is connected. The 
objection to this method is that it does not show 
whether all the mains are deteriorating at the same 
time, and from this point of view it is perhaps better 
to use mains constructed with test-sheaths. The 
following method of determining the insulation resistance 
of each of the three mains separately, assuming that 
all the leakage paths are located in the mains, may be 
applied to low-tension s 3 rstems. 

The first step is to earth through an inductance so 
as to neutralize the capacity effect as previously 
explained. Let Fg and Fg be the resulting 

potentials of the three mains, while F denotes the 
line voltage. Now earth the main having the 
potential Fg—choosing it so that it is greater than 
Fi—through such a resistance x (say) that the new 
potentials Fi and F 3 are equal. Then the author 
has shown * that the required resistances /g and /g 
are given by the following formulae :— 


If we now earth through a resistance of 60 ohms, 
thereby reducing the potential from 60 volts (say) to 
11 volts, we find from ( 8 ) that 

F = 50f— — l) ohms = 222-7 ohms (approx.). 


The reciprocal of the total fault impedance is, therefore. 


B= 0*0078 (approx.). 


If, therefore, we wish to apply formula ( 10 ), we should 
find that the current flowing through a dead earth at a 
point originally at potential 100 volts would be 
100 X 0*0078 ampere, or 0*78 ampere. By observing 
this ammeter reading we may deduce the total impe¬ 
dance when L is not known, and by the application of 
formula ( 10 ) we find 


/r/0.78\2_ 

r 11 \n 

/L\ 100 / 

160(60- 11)/ J 


= 6 4:Z0"x 10-® 




^ F^J?’ + X) 

_ y^ZVFx 

~ (VSF - zv'z) (F + x) 

_ '\/2iVFx _ 

^ V2(F + x)- vstj- 


where v '2 is the new value of Fg and 


L=1 




But we already know that 


and by substituting this value of J? in the above 
formulae we have finally 

V3F(Fa - V'3)x 
* F^F, 

^ V8F(Fa - F3)g 
(V3F-2F'a)F8 ^ 

V3F(Fs - Vt)x 

F^Fs-V3F(Fa-Fj) 



from which = 20*6 jlcF as before. 


♦ Loc,cit, 
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The Petersen Coil. 

The method of eaxthing systems by m&ins of 
inductances is one which has received more favour 
abroad than in this country, so a few remarks on this 
subject given in the light of the present theory will no 
doubt be of interest to a great many of those who study 
Continental practice. 

The particular value of earthiug inductance which 
produces resonance with the capacities of the cables 
constitutes the well-known Petersen coil. It is clear 
from what has been said before that under normal 
conditions the coil w^ill have the effect of raising the 
potential of the main to which it is connected by an 
amount which is limited by the value of F, and that 
unless this value is determined under the most favour¬ 
able conditions, i.e. in dry weather and during light 
load, we are relying for safety upon an unknown factor 
—a policy which, though not to be commended, is 
often pursued. 

Another apparent source of danger lies in the possible 
increase of the ** residual ** voltage of three-phase 
systems due to possible unbalancing of the insulation 
resistance of the mains such as might occur when a 
consumer switches on a piece of apparatus which is 
slightly faulty. This appears to account for the failure 
of some systems to give good results with this type of 
earthing. With overhead transmission lines it is 
usual to balance the capacities of the mains as far as 
possible by transposing the wires at regular intervals; 
in this way the risk of breakdown is reduced to a 
minimum. 

Under fault conditions the fundamental-frequency 
current flowing through the fault is merely that due 
to the faulty, insulation of the rest of the system, and, 
in the case of a dead earth, is obtained by dividing the 
original potential of the faulty part by in general, 
this current is negligibly small. It is found that this 
diminution of fault current is accompanied by an 
almost complete suppression of the troublesome high- 


frequency oscDlations which are usually produced in 
high-tension systems under fault conditions. Several 
suggestions have already been acfvanced as to why the 
‘'Petersen coil method of earthing is so much superior 
in this respect to the resistance method. ; 

One explanation at least may be obtained from the 
equivalent network, because a little consideration will 
be enough to convince us that there is no tendency 
for transient currents to flow through the fault at all, 
since there is no inductance in series with K, On the 
other hand, if the coil were replaced by a resistance 
so that the fault current is considerably increased, the 
effect would be to alter appreciably the potential of 
every part of the system owing to the voltage-drop 
along the mains and in the generator and transformer 
windings. It will be recalled that the theory given 
above does not take this case into account, but the 
effect of thus distorting the voltage diagram will be 
easily understood. For example, if the effect is to 
change the potential of some point A, while the potential 
of another point B is changed to the original potential 
of A, then the fault impedance at A appears to be in 
series with the impedance of the section AB. From 
this it would appear that the capacity K is,^in this 
case, virtually in. series with an inductance which 
depends upon the line constants, and in this way we 
can account for the presence of the familiar transient 
currents. 

Since, as we have seen, the theory which has been 
investigated does not depend in any way upon the 
type of distribution employed, it follows that the 
Petersen coil can be used with equal success in con¬ 
nection with any t 5 ;pe of a.c. system, irrespective of 
phase. This property of the coil is perhaps of little 
value at present in these days of three-phase trans¬ 
mission, but multiphase transmission at 110 000 volts 
has already been suggested as a possibility for the 
future, and the problem of eliminating interference 
with telephone circuits will then perhaps call for a 
revision of the methods of earthing at present employed. 
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DISCUSSION ON 

"THE DESIGN OF ELECTRICAL PLANT, CONTROL GEAR AND CONNECTIONS FOR 
PROTECTION AGAINST SHOCK, FIRE AND FAULTS.” * 


North-Eastern Centre, at Newcastle, 23 February, 1926. 
Mr. R. W. Gregory : The high standard of service 


required from the electriq supply undertakings m this 
country, and the high standard of safety required to 
meet the various Government Regulations in connection 
with the supply and use of electricity, are perhaps 
the primary reasons for metal-clad switchgear. The 
electric supply undertakings in Rn gland have never 
had the pioneering freedom which is the outstanding 
feature of electrical development in the United States. 
For this reason, instead of developing a general system 
of high-tension overhead distribution and worlcmen 
not afraid of high voltage, we have in this country 
developed the arts of maldng underground cables and 
metal-clad switchgear. Development on these lines 
has probably cost us more per unit sold, but at least 
we have had the satisfaction of approaching perfection 
in the practice of these arts. Within the limite of the 
distribution pressures common in Great Britain, iron¬ 
clad switchgear has proved to be sound engineering. 
The compact, fully interlocked, factory-assembled 
switch-panel is an excellent engineering job, giving 
what might be termed the ** Rolls Royce *' service 
generally expected by the British consumer, The 
world-wide resestrches on oil circuit-breakers do not 
yet appear to have provided data for direct design, 
such as is possible with the steam engine or gas engine, I 
but they have, together with increased experience in 
service, added greatly to the general Icnowledge of 
circuit-breaker design, and buyers in this country have 
now a wide market in which to obtain good circuit 
breakers capable of giving efficient service. The 
commercial and economical use of the science of breaking 
capacity is an interesting problem. In practice, on a 
soundly designed system using underground cables 
and metal-dad switchgear, the maximum fault is a ve^ 
rare occurrence, and in many places it i^often technically 
and commercially sound to use switchgear rated at 
less than the maximum fault kVA. Where this course 
is followed, it is necessary to make sure that the operator 
is not exposed to danger when dosing a switch on a 
fault. For this reason, remote operation is desirable. 
With regard to power station switchgear, it is interestmg 
to compare the development in this country 
that in America. The svidtdigear in the Carville B 
power station of the Newcastle hlectric Supply Co. 
was erected about the same time as the switchgear 
for the Calumet station in Chicago. The problems to 
be solved in both stations were practically the same, 
but the method of solving was entirely different. It 
was realized by both parties that it was essential to do 
the utmost to prev^t a fault betw:een phases. The 
Carville method of meeting this point was to build 
a strong compact gear in which eartn^d metal every- 
• Paper by Mr. H. W. aothier (see page <125). 


where surrounded each phase. The Calumet method 
was to provide an entirely separate room for all the 
apparatus and conductors belonging to each phase. 
The differences in dimensions and appearance betw^een 
the two types of gear are considerable. It shows 
how marked is the difference between the two countries 
in switchgear engineering practice. One of the most 
important problems in high-tension switcMng is the 
provision of cheap apparatus suitable for using on large 
power systems, and at the same time meeting the 
stringent requirements of operating staffs and Govern¬ 
ment Regulations. Cheapness is best obtained by 
reducing the amount of apparatus used and by making 
that which remains the best possible. The switch-fuse 
described by the author, and the single-switch sub¬ 
station, are attempts to reduce the cost of switchgear 
necessary for a high-tension supply and at the same 
time to give the service and safety necessary for 
British conditions. The author has not mentioned 
in big paper the question of switchgear control. 
Centralized control of system switching is now considered 
to be essential practice on large power networks, and 
the control engineer (or load despatcher) should know 
as quickly as possible whenever and wherever a switch 
has operated. There' are now on the market several 
types of apparatus which, by the use of telephone cables, 
are able to • perform this function. The next step, 
which I am sure will be generally adopted before m^y 
years elapse, is the actual physical control and operation 
of important switches on the system from the central 
control room. With automatic indication and super¬ 
visory control, the maintenance of service will be made 
easier and more secure and shut-downs over large areas, 
if not entirely prevented, will at least be of the shortest 
possible duration. 

Mr. F. H. Williams : According to the author, the 
essentials of good switchgear practice are '' simplicity 
and ** security,** and no one who has to deal with large 
power schemes will fail to agree with this. Design 
of such switchgear is really a matter of f jith and ideals. 
Th^ author believed that he could design and manu¬ 
facture, as a commercial article, switchg^ which could 
stand up to any conditions likely to arise in practice, 
and events have justified this confidence, Qther manu¬ 
facturers, particularly on the Continent and in America, 
apparently not having the same faith in fheir products, 
have thought it necessary to introduce various additional 
devices to reduce the short-circuit forces. These devices, 
in addition to requiring extra maintenance, sometimes 
' introduce further complications and, in the very nature 
; of things, must be an additional source of weakness. 

> The charging resistances mounted on the cross arm 
; 3 ;pf erred to in the paper is one such device, and is standard 
' practice for all high-tension switches \tith one of the 
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biggest switcbgeax makers on the Continent. This 
taanufacturer also uses the multiple-break* S 3 ^tem 
referred to by the author, increasing the number of 
breaks with the kilovolts of the circuit. One would 
have thought it an obvious source of weakness to mount 
this resistance on the 'cross arm. It cannot be too 
strongly emphasized that the simpler the switchgear, 
other things being equal, the better it is. I do not think 
the author claims suf&cient credit for the compactness 
of the ironclad gear, and it would have been instructive 
to have, as an appendix, the comparative total cost 
(including buildings) of a switch-house for metal-clad 
gear and open-type gear based on the same kVA rating. 
It is difficult, for instance, for anyone unacquainted 
with metal-clad gear to realize that the unit shown 
in Fig. 7 houses, in a total height of under 10 ft., gear 
which in cellular construction, with about the same 
floor-space, would have to be accommodated on three 
or four floors, with a total height of 30 to 40 ft. The 
saving in buildings is really nxost striking, quite apart 
from the advantages of cheaper maintenance and 
greater security. If one may venture to criticize the 
paper, I would suggest that its value for reference 
purposes would be increased if the footnotes were 
amplified. I should also like to ask the author for 
further particulars of the semi-fluid insulating com¬ 
pound referred to on page 429. I have not come 
across this and, offhand, it does not sound very inviting. 

Mr. N. Thornton : The principle of metal-clad 
switchgear is undeniably sound and affords many 
advantages, the chief among which are : the extrerrie 
compactness of the gear, so requiring only a small 
building in which to house it, and that without any 
cubicle structure, screenwork or other special forms of 
guarding; the ease with which it lends itself to any 
desired scheme of interlocking; and the fact that 
cleaning and maintenance are reduced to a minimum. 
It has, however, one drawback, in that it increases 
•^e length of a shut-down when it is necessary to make 
additional connections to the busbars, a point which 
is of some importance when considered in rela&on to 
supply to domestic networks. Unfortunately, too, 
it has generally been found that the initial cost of 
metal-clad switchgear was greater than that of open- 
type switchgear, but this has to a large extent been 
offset by the reduced cost of buildings. The increased 
adoption of metal-clad switchgear tends to indicate 
that the g^eneral opinion is beginning to appreciate 
that any suc^ increased cost is warranted by the 
subsequent decreased cost of maintenance and repairs. 
The split-condtictor system is referred to as being an 
exceptionally useful and econonAcal form of protection, 
which is qij^te correct, but it must be borne in mind 
that this condition only obtains so long as the feeder 
is required as a direct connection between two points. 
Immediately it is desired to give intermediate supplies 
off that connector the situation is altered and this type 
of protection is no longer consistent with economy of 
switchgear. This is of particular importance where 
intermediate supplies may be required for domestic 
networks, in which case the capital cost is all-important. 
The cost of taking supply by means of a loop-in of the 
split-conductor'* feeder, and of providing two split- 


conductor feeder panels in addition to apparatus required 
to control the intermediate supply, would in many 
cases prove to be prohibitive. 

Mr. J% Rosen : In Fig. 36 the author has shown an 
arrangement for bringing the alternator stator leads 
out at the side to a terminal box attached to the stator 
end shields. I do not entirely agree with this arrange¬ 
ment, as there is only a limited space available for 
such apparatus in the modem alternator end-shields. 
If a similar distance is allowed between each phase 
terminal, as is shown between the phase and earth 
terminals in the figure, the depth of the end shields 
will have to be increased. This, and other difficulties, 
would, I am afraid, render the proposal impracticable. 
The usual method is to bring the leads out under the 
end shields, as shown in Fig. 1; I prefer to use terminals 
bolted to the chimney of the stator casing, as it is 
advisable to have between the cablps and the alternator 
windings a joint which can be readily broken should 
the alternator stator be lifted at any tim e. The author 
refers to the automatic arrangements for closing the 
ventilating system and shutting the steam stdp-valves, 
in order to limit the possibility of a fire spreading inside 
an alternator. In this connection, the clbs^-circuit 
system of forced ventilation, in which a comparatively 
small quantity of air is circulating continuously, acts 
as a safeguard; if a fault occurs in the alternator the 
air system is filled with burnt gases and ther fire is 
extinguished at once. Great care should be taken in 
the design of switchgear for turbo-alternator auxiliaries. 
Recently plants have been shut down due to the failure 
of auxiliary switchgear. This apparatus should be 
robust and have the number of accessories reduced 
to a minimum. The author refers to self-balanced 
protection. This is one of the most reliable devices 
which can be used to protect alternator stator windings. 
With reference to the sequence of control, I would 
emphasize the importance of the author's proposals, 
and take the opportunity of pointing out that the field 
switch without a discharge resistance should only be 
operated in an emergency and must not be operated 
when the main oil switch is tripped by hand for testing 
the switchgear. With the large amount of magnetic 
energy in the present-day large alternators when the 
field circuit is suddenly interrupted, high voltages 
are induced and heavy currents; circulate which, if 
repeatedly applied, might in course of time damage 
the alternator. 

Mr. B. H. Leeson {communicated) : The author has 
very rightly described Stabilityas the “ Criterion 
of Quality ** of a protective system, and the expression 
of this as a numerical value is a very welcome step 
towards establishing a recognized method for the com¬ 
parison of various protective systems. In furtherance 
of this desirable object I should welcome the author's 
opinion upon the following comments. I shall preface 
these by reference to Fig. D, which depicts in the form 
of a genealogical table, for clearness, the chief conditions 
and factors which have to be considered. This is self- 
explanatory and will help to illustw-te the remarks that 
follow. The nui^rical value for stability ratio obtained 
by the author'^^ method, of dividing the maximum 
straight-through current by the fault setting will depend 
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solely upon the designer’s or manufacturer’s judgment 
regarding the minimum fault-current setting that can 
be safely adopted “ without any risk of inadvertent 
tripping, after taking all the disturbing influences into 
consideration.” Now it is just this degree of risk 
which has been taken, or, conversely, the margin of 
safety which has been allowed, that the operating 
engineer particularly wishes to know, and hence I think 
that any method of expressing stability, should essen¬ 
tially give a definite measure of the manufacturer s 
conservatism, or otherwise, in the form of a safety 
factor. The fundamental conception of stability may 
be best expressed as the ratio of the minimum straight- 
through current in service which would be required to 
cause inadvertent operation of the protective gear, to 
the maximum straight-through current that can possibly 
flow in the system. This, however, is rather an im¬ 
practicable method owfing to the difficulty of obtaining 
tangible figures, particularly for the numerator, and 
further, this expression might lead an optimistic designer 

Quality of protecbvE gear equipment 


System’ 

1 

^ebnditions 

• ' 1 

Length of line Max.ttirou^-current 

1 ___ 1 

Operatir 

Lg factors 

Stress on system Continuity of supply 


Efficiency factor Stability safety factor 
Fro. D. 

to be tempted to make the numerator " infinity,” thus 
falsely indicating infinite stability. I should thernfme 
prefer to express stability in the form^of a safety factor 
for a given straight-through current on the system as 
follows:— 


S ervice fault setting (actual) 

Stability safety factor = safe fault-current se^ 

ting for stability, determined 
* by tests (ideal) 

In this expression the figure forming the denominator 
is obtained by an actual test carried out in such a 
maimer as to reproduce as far as posable all ihe ite 
turbing influences which will be met.with in service for 
a given maximum value of straight-through current 
The service fault setting is the actual value at wlu^ 
the relays will be set to operate in service, and tte 
margin of safety above the test figurg,will allow for the 
hazards in service which cannot be faii^jfully reproduced 
artific^y. By this means an operating engmeer is 


given a definite idea of the margin of safety posses^ 
by his«protective S 3 rstem to ensure stability. The* 
desirable value for this factor will depend upon the 
tactical importance of the protective g^r on &e system, 
but in any case I would suggest a xnimmum gure o » 
increasing this up to 4 in the more importot cases. 
Following the author’s lead in regard to stabihty, i 
think it would be desirable to introduce a term to show 
the relative eflaciency of protective gears and I suggest 
the following expression :— 

Maximum straight-through current 
on the system (fault betwe en phases) 
Efficiency factor = service fault-current setting for given 
stability safety factor 

This will give a numerical value to the effiaency of 
a protective gear after allowing a definite degree of 
stability, and the latter will guard against any fatee 
sense of security due to the rather natural appeal (at 
first sight) of low fault-current settings. The efficiency 
factor and the stabihty safety factor are na-tur^y 
opposed to each other in principle. When judging the 
rSative merits of these, primary consideration ^ould 
be given to stabihty as the criterion of quahty. it 
shoffid be borne in mind that it is better to Imve lower 
efficiency and a reasonably heavy ear^ fault current 
to bum out and clear a fault immediately, than to 
have a higher efficiency with a light settog. 
stabihty, and then final resort to br^g out f^ult 
to determine its location. In addition fo 
of protective gear, "continuity of supply 
primarily upon a high standard of insulation. It is a 
great pity ^t the rule for determining test-voltages 
in our B.E.S.A. Specification No. 116 should set a 
lower standard than that commonly used in l^e eoun^ 
from which it originated. The Ameri^ manufa^rm 
have virtually raised the standard by adopting, ana 
applying the rule to, an arbitrary voltap ratmg for 
their switchgear which considerably exceeds the 
rated woltage of the system for which ‘tjs ®tt>-tabl . 
In view of tois, the author’s higher standard of pressure 
tests is to be strongly recommended. Smee, howev^j 
insulation should not be judged entirely up^on 
to pass a high-pressure test successfuUy, it would ^em 
desirable to follow along similar Unes to ^e case of th 
protective gear and introduce a definite mar^n 
safety to ensure that the test does not approach t 
ultimate breakdown point of the insulation,too y 

and thus perhaps tend to overstrain it. - I suggest that 
this margin may also be expressed in,the form of a 
safety factor as follows:— 

Minimum voltage at which 
Insulation safety factor _ ultimate bre akdown occurs 
(for a given time) “ Specified test voltage 

By specifying this factor of safety in ^onjunctiori 
the test pressure, a purchaser ^ 

guarantee of insulation security with the kncJwledge and 
durance that the insulation provided would not be 
Uable to harmful over-stress durmg the test. The 
.value of these safety factors is a matter for further 
research, but as a guide I would suggest that in cases 
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of puncture stress a figure of 2 should be taken as a 
^ninimum. I think it would be very helpful if the 
terms efficiency factor/* ** stability safety factor ** and 
insulation safety factor ** could receive the considera¬ 
tion of the B*E.S.A. with a view to introducing some 
form of standardization upon the lines indicated above. 

Mr. L. E. Mold {communicated) : The author has 
illustrated various methods which may be employed in 
transferring a circuit from one set of busbars to another 
either with or without interrupting the supply to that 
circuit. This operation has probably caused more 
interruptions to supply and accidents to operators 
than any normal routine duty in a power station. 
Admittedly, the accidents of which I have knowledge 
have occurred when operating open knife-type selector 
switches, and the methods recommended by the author 
eliminate this risk, but some of the designs illustrated 
introduce other serious dangers and risks. In Fig. 9 
the operator is required to remove and insert plugs 
which engage with the busbars. The insulation on 
a loose piece of apparatus like a detached plug with 
an insulating handle is liable to damage, with consequent 
likelihood of a fatal shock to the operator. The re¬ 
moval of a plug whilst carrying current appears to be 
possible in certain conditions, and the resultant arc 
would be equally dangerous to the operator and to the 
switchgear. In Fig. 11 the change-over can be effected 
with reasonable safety, but the design entirely destroys 
the feature of safety usually associated with a duplicate 
busbar system. Connections from both busbars are 
brought into a common circuit-breaker tank, and it 
is reasonable to admit the possibility of failure due to 
an arc or its products in breaking a heavy fault current. 
Even under normal conditions with both busbars 
alive and unparalleled the voltage stresses may be 
doubled. Fig. 12 is safe in operation, since sound inter¬ 
locks can be fitted, but it partly suffers from the dis¬ 


advantage of the arrangement shown in Fig. 11, in 
that connections from both bupbars are brought into 
one chamber although circuit-brealdng does not take 
place in this chamber. Fig. 10 illustrates a very sound 
arrangement. If one circuit breaker only is employed 
the circuit must be broken to effect a change-over 
and if, in order to obviate this, two are employed the 
cost is greatly increased in the unnecessary duplication 
of parts. Fig. 8 is simple and effective, affords perfect 
safety to the operator, and ensures that the circuit is 
broken only in the circuit |j>reaker; it is necessary, 
however, to open the circuit breaker to effect the change¬ 
over. My object in alluding to these features is an 
endeavour to ascertain whether the necessity really 
arises for the transference of a circuit from one busbar 
to the other without opening the circuit. The author 
advances sound arguments against this procedure (see 
pages 429 and 430). My own experience, and the result 
of many inquiries from station engineers, indicate that 
this function is more fanciful than necessary. The author 
has given four reasons justif3dng the necessity of a 
duplicate busbar, and these reasons consequently cover 
the necessity of changing circuits from one busbar to the 
other. A fifth may be added where certairg feeders 
are required to operate at a different pressure, but 
the more convenient and economical method is to 
provide voltage regulators on the feeders. This leaves 
two conditions (1 and 2 on page 428). The first is of 
doubtful value and the second is nearly always met 
hy the normal provision of busbar section switches 
which will enable aU circuits from one section to be 
opened for a minute or so to effect the change-over. 
A reliable expression of opinion on this question would 
be of very great value. 

[The author*s reply to this discussion will be found 
on page 1031.] 


East Midland Sub-Centre, at 

Mx. T. P. Wihnshurst: I quite agree with the author 
as to the advantages of metal-clad gear in eliminating 
danger and cleaning. One point is that there is no 
possibility of inspection where the apparatus is iron¬ 
clad. Is there not more difficulty in locating any 
fault which may develop ? As our stations grow we 
have from time to time to consider the necessity of 
enlarging the sectional area of busbars, but with metal- 
clad gear it is impossible to do this. We have to (Jeal 
with systems vtiich have started from small beginnings, 
and with open-type cellular geap it is possible to make 
additions frpm time to time if necessity arises. An 
important pomt is that with cellular gear the conductors 
form their own diagram and a fault can be quickly 
located and easily put right. I should like to ask 
what is the correct protection for a unit transformer. 
Should there be any automatic protection between 
the stator''terminals and the e.h.t. terminals of the 
^ansformer ? With regard to overhead protection 
in rural districts where expensive switches cannot be 
afforded, has the author any experience with the tetra^ 
chloride type of fuse and will he also say what type 


Loughborough, 10 March, 1925. 

of fuse is used in the out-door substation shown in 
Fig. 27 ? Is there any danger to be anticipated due 
to the corona inside metal-clad gear tending to break 
down the insulat^n ? 

Mr. J. F. Driver: The author referred to the Ray- 
worth pillar: this was an excellent type of switchgear, 
but the water switch gave trouble. One form of danger 
not mentioned in the paper, but which is serious, is 
a flash occurring close to an operator. This sometimes 
causes acute agony to the eyes. I am rather surprised 
that oil should be used in transformer junctions as a 
suitable insulating medium. In one case which came 
to my notice of an explosion due to an oil-filled junction 
box, what apparently happened was that the oil got hot 
due to a bad contact and boiled out, and possibly a 
small spark, fired,the gas and the transformer room 
blew up. I suggest that a material which would solidify 
would be better than oil. I do not understand the 
author's remarks with reference to lightning protection, 
I have not found lightning arresters very efficient on 
traction work. he seen definite signs that a lightning 

arrester has worked, i.e. has cleared a current-rush to 



CONNECTIONS FOR PROTECTION AGAINST SHOCK, FIRE AND FAULTS/’ 1027 


earth, particiilarly in a case where the discharge is 
supposed to dissipate ijs energy in the conductor itself ? 

Mr. T. Hall: Has the author had any experience 
with pole hoyes ? I have a system working, at 11000 
volts and much trouble occurs with the type of pole 
box I am using, due to insulators breaking down. I 
have also had trouble on switchgear insulators, due to 
a static discharge, and I should be glad if the author 
would indicate the best way of getting rid of this. 

Mr. H. V. Field: The introduction of reactance 
apparently does not limit the short-circuit power and 
protect the switches to 'the extent that would be ex¬ 
pected, owing to the fact that the arc energy does not 
in the same measure. Can the author suggest 
why thht is the case ? In regard to tte curve given 
on page 430 for busbar current densities, what is the 
actual temparature-rise ? The method employed for 
obtaining condenser protection against lightning and 
high-frequency transients by using half a mile of cable 


before joining up with the overhead line is very inter¬ 
esting. Has any trouble been experienced at the joint 
between the cable and the overhead line? With 
r^ard to Merz-Price balanced protective gear, Figs. 
32 and 33 indicate great complexity and one wonders 
how such complex -systems have come into use. Pro¬ 
tective gear seems to be getting more complex -man 
ever, instead of tending towards simplicity. In Fig. 
20 the area for getting rid of gases and fumes se^s 
to be a very good idea, but if the generators are laid 
out as shown this would not be a very good design of 
power house. One of the lantern sUd^ exhibited 
showed a switchroom in which upward isolation was used, 
but it appears to me to be a very unsatisfactory layout. 
I should imagine that vertically downward isolation 
would have been much more satisfactory in that case. 

[The author’s reply to this discussion will be found 
on page 1031.1 


North Midland Centre, at Leeds, 24 March, 1926. 


Mr. Howard Brown: I agree with tiie author 
that the time has come when we should cease to stress 
the advisability of purchasing duplicate swi^gear, at 
any rate for ordinary industrial use; there is no more 
need tp duplicate busbars than there is to duplicate 
Tn^.iTi engines or turbines. It is now relatively easy 
to provide a.c. protection, but I should like the author 
to give us hig views on the protection of d.c. plant, 
especially in regard to the sequence operation of circuit 
breakers and similar apparatus. I should also like 
his opinion as to the advisabUity of using resistance 
in series with fuses on the h.t. side of poteitial trans¬ 
formers. How far does he consider this practice can 
profitably be carried out in respect of comparatively 
smaU-power high-tension feeder circuits ? It is inter¬ 
esting to note that the author throws some doubt on 
the advisability of adhering strictly to the B.E.S.A. 
specification for oil switches and suggests that alterations 
might very well be made. Many engineers, I think, 
will agree with him in this. I should be glad if he would 
give tile result of his experience with lightaing arresters 
as used on tiie North-East Coast undertaking. 

Mr. J. W. J. Townley : I consider that under the 
conditions which obtain in this country armour-clad 
switchgear is the most suitable, and I venture the 
opinion, based on my experience withboth open-type and 
armour-clad gear, that there will be very litUe open-type 
switchgear in use in 10 years’ time. The serious defect 
of open-type or cellujar switchgear is that once an 
arc is started a considerable number of panels can be 
put out of commission in a very few minutes, and with 
very little damage being done except to insulators 
and small connections which take a long time to replace. 
I know of one case in which an arc was started, due to 
the faulty operation of an oil switch, travelled up to 
and along the busbars' and put seven panels out of 
commission by breaking busbar insulators; the capacity 
of the plant runniiig was only 2.600 kVA. In anothor 
case an arc, started by tiie bumin^^out of a nuirent 
transformer on cellular open-t 3 q>e g^, destroyed five 


lanels in 22 seconds. The capacity of the plant in 
his case was about 60 000 kVA. In each of the above 
:ases the conductors were bare and the phases separated 
jy slate or concrete barriers, which lattCT, however, 
lad little efiect in isolating the trouble. It is interwtmg 
to note that in modern cellular gear many d^ignMS 
ire adopting the expedient of enclosing all conductors 
in insulated covering. Where the plant is of large 
capacity, on the occurrence of a fault the ru^urmg 
forces in metal-clad g^ are likely to be of comiderable 
magnitude, and extended experience in tiie betomour 
of metal-clad gear under such conditions ^s yet to be 
gained. It must be admitted that the adaptability of 
such gear is not so great as that of open-type s^***^' 
but it is sometimes an advantage to know that 
high-tension switchgear cannot be modifi^ or added 
to excepting by the use of properly made details. T 
autixdt advocates ruggedness in the design of prot^ve 
gear and this is one of the most essential points tnat 
station operators have to ensure. Prot^tive gear 
has been installed in the past which has ^ven much 
more trouble than the faults it is intended to 
against. Earthing resistances have been installed whe 
plant capacities were small and have not been modified 
as the plant has been increased, and in many 
this results in the generating plant being almost 
unprotected owing to the current pas^g the earthing 
re^tance being insufficient to i" 

view of tiie type of plant now being 
generators) it is worth while considering^ whether the 
has now come when the neutral point may be 
earthed solidly and without using expensive resistoces. 
The question of interlocks on switchgear is not one 
for the decision of the switchgear manufacturers, who 
■ can usually supply any S 3 ratem of interlocking, u is 
one to be decided by the user. The arrangdJnent sho^ 
by the author for changing over from busbar to busbar 
should meet all reasonable requiremmits in a power 
station, and I agree with him that such orations 
'are relatively infrequent and should, never be done 
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hurriedly. The author has given his opinion as to the 
hreatking capacity required for any given size of plant, 
but has not suggested how we are to determme the 
breaking capacity of any particular oil switch excepting 
only on the basis of oil tank cubic content and strength. 
An amplification of thfe author’s comments in this 
part of the paper would be appreciated. 

Mr. R, M. Longman: Protective gear is blamed 
for much of the trouble that occurs, but in very many 
cases it is not given a chance, as it is connected up 
incorrectly. Has the author any experience of breakage 
or failure of a right-angle box in any of the positions 
shown on the lantern slides ? With armour-clad gear 
the highest class of workmanship and material is 
absolutely necessary. ^)very manufacturer has, I 
think, fully realized that he cannot be too careful and 
particular in his inspection and examination. With 
regard to protection, it is sometimes asked what is 
the use of putting in relays and sensitive protective 
devices, when a fault might occur on a particular cable 
only once in five or ten years. The answer is, of course, 
that protection is not only to operate in the case of a 
fault but to prevent a sound section being cut out 
when the fault is beyond that particular section. I 
fully agree with the author on the question of the 
rating of switchgear, etc. It appears to me that the 
scheme shown in Fig. 28 has many advantages, one 
of which is the arrangement of the current trans¬ 
formers ; nothing is left unprotected. In connection 
with the tee protection for the transformers, is any 
sort of overlapping arrangement provided so that 
should the fault on the transformer be rather more 
than the switch fuses could legitimately deal with, the 
section would come out ? 

Mr, S. D. Jones : It seems to me that the closed type 
of switchgear does make for greater efficiency. With 
regard to cleaning, much more of this is required with 
the open type than with the closed type. We are now 
connected up in parallel with the Yorkshire Electric 
Power Co.’s system. When I received tenders for the 
new switchgear connecting the two systems, I •asked 
what the breaking capacity of the circuit breakers was, 
but could not obtain a satisfactory reply from ’the 
manufacturers. 

W. D. Lovell: I am somewhat surprised 
that the author makes no reference to any type of closing 
device for use on direct-operated metal-clad gear, which 
can be temporarily attached to any switch mechanism, 
enabling thfe switch to be closed at a distance from the 
panel. In practice it often becomes necessary to switch- 
in doubtful apparatus, and the operator on th^e 
occasions runs a fair amount of lisk unless some special 
form of closing device is available. One or two devices 
for this purpose have been developed and are being 
used successfully on some of the l^rge power supply 
systems. The interlocking of duplicate busbars has 
caused a great deal of discussion for many years, and 
I fully agree with a previous speaker that it is more 
a matter for operating engineers than manufacturers 
to decide, as it depends largely on the design of each 
individual system. In view of the serious accidents 
that have occurred when changing-over circuits from 
one busbar to another while carrying load, I cannot 


help thinking that the opening of each circuit before 
the change-over is made, advoc^,ted by the author, is 
the correct method to adopt. The question of earthing 
has always been a very difficult problem on metal-clad 
gear, and although the arrangement shown in Fig. 24 
appears to be a step in the right direction, there is still 
plenty of room for improvement. It would appear 
that before the arrangement suggested can be used 
on exis^g gear of some makes, it will be necessary 
to modify the shutters and oil-switch locking devices. 

438 the author states: “If any mistake is 
made it will be no more serious than closing on a fault,’’ 
and I should like to ask him whetlier this is quite correct. 
The earthing, unfortunately, is being done on the bus¬ 
bar side of the current transformers and outside the 
feeder protection, so that if by chance the feeder is 
alive, and assuming all three isolating plugs are short- 
circuited and connected to earth, the closing of the 
switch will produce a three-phase busbar fault. Should 
the feeder protection be of the balanced type it will be 
inoperative under these conditions and the fault will 
have to be cleared by the opening of the nearest sectional- 
izing switch, which on a ring system may be some con¬ 
siderable distance away. This may cause aa inter¬ 
ruption of supply over a large area. In connection 
with the " straight through ’’ current rating, has the 
author carried out any experiments to determme the 
weakest link in the gear under these conditions ? 
Referring to Fig. 3, will the author state what the dis¬ 
advantages are in using three-core cable-dividing boxes 
in place of single-core sealing bells ? In the former 
case, the three-core cable could be connected direct 
to the transformer, whereas the latter arrangement 
necessitates an additional dividing box. It is interesting 
to note that the author does not agree with the B.E.S.A. 
Specification No. 116 as regards breaking capacity, 
and I am shre that there are quite a number of operating 
engineers who axe in agreement with him on this point. 
With reference to Fig. 37, showing the connections 
of self-balance protection for generators, I should be 
interested to know how the author proposes to protect 
the cables between the machine and switch. I^esum- 
ably he would use Howard leakage protection. 

Mr. D. M* Buist {communicated) : I am entirely in 
agreement with tlie author in his criticism of the scanty 
attention paid to the terminals of alternators and motors. 
The criticism applies also to the methods of leading 
the connections from the windings to the outside of 
the carcase in the case of alternators, or to the terminal 
box in the case of motors. The standardization of 
terminal and cable-sealing boxes would be a boon to 
users. To my mind, compound filling is the only 
solution to all the difficulties encountered at this point, 
especially on motors, but the motor makers claim that 
it is difficult to seal the cable outlets against the com¬ 
pound, especially in warm situations. The remedy for 
this will be obvious to anyone with experience of metal- 
clad compound-filled switchgear. Transformer oil is 
indeed very penetrating. Much of the present trouble 
with junctions of porcelain and rj^^etal lyill disappear 
when the production of fused quartz on a commercial 
basis becomes j^cticable, and that day is not far 
distant. This material has a very high melting point. 
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the smallest expansion any material, is more trans¬ 
parent than glass, is a better insulator than porcelain 
both mechanically aJid electrically, and consequently 
will have manifold uses in the electrical industry. 
Attention should also be paid to the cement employed 
with porcelain j I have known both oil and compound 
to leak past this cement. I agree with the author 
in regard to the duplication of components, but to be 
more definite I suggest that if a switch is purchased 
which is rated for twice the working pressure, twice 
the ma- yimnrn full-load Current of the circuit, and 
twice the breaking capacity required (according to the 
B.E.S.A. rating), then ample reliability will be obtained 
and there will be no need for spare switches. With 
regard, to duplicate busbars, the fact that all new 
stations possess them in some form or other is ample 
evidence of their necessity. The need for them in 
substations is dependent entirely upon their position 
in the network. The desire to be able to change over 
without making dead is a legacy of the open-t^e gear. 
In my opinion the only case which warrants it is that 
of an open-ended feeder. In all other cases I fail to 
see why the great advantage of simplicity should be 
sacrificed for this doubtful one. Until the results of 
the research at present being made into the design of 
oil switches are published, the relative importance 
of each of the factors afiecting breaking ca.pacity as 
enumerated by the author is purely hypothetical. For 
the s&ne reason B.S.S, No«116—1923 is not final, but 
is merely a guide in the matter of choosing an oil smtch. 
Users must still, therefore, rely upon Ike experience 
of the makers in this matter and, in addition, for their 
own peace of mind, revert once more to the employ¬ 
ment of factors of safety. I personally, as already 
stated, specify 100 per cent more than the B.E.S.A 
rating, and consequently it was with interest tiiat I 
noted that the author recommends 70 per cent more. 
To deal with all the factors would take too much time, 
but there is one point to which I should like to draw 
attention. The only part of an oil switch subjected 
to wear and tear in normal routme operation is the 
brush contact, and heating at this point due to bad 
contact should be carefully watched by the opiating 
staff. The only safeguard is a periodical examination 
of the contacts. When purchasing a switch, however, 
the purchaser should attach as much importance to 
the millivolt-drop test across tlie contacts as to the 
pressure test. Some time ago two accident, due to 
the presence of chargers, led us to investigate their 
utility or otherwise, and oscillograph tests certeinly 
proved their effectiveness during the switching-in of 
large motor armatures. In my opinion, first in the 
interests of simplicity^ and secondly because they axe 
not always in circuit when wanted, they should be 
abandoned, but unfortunately some makers of certam 
types of plant still consider them to be a necessary 
evil. The author states^ on page 436 that delic^e 
fault-settings of relays are sometimes attempted by 
the use of large current transformers,*' and I am not 
quite clear as to his meaning. Does he refer to over¬ 
load or to Merz-Prite protection ? Certainly to ^ploy 
a ratio higher than is really necessatjji will entail a finer 
setting of the relay for a. given priip^xy fault burrait, 

Vot. 63, 


but that anyone should increase the ratio solely -vHth 
this object is beyond my comprehension. I am glad 
that the author calls attention to this point, because 
the indiscriminate choice of current-transformer ratios 
an important effect upon the protection. Like 
chargers, excess-pressure dischargers also may be re¬ 
garded as necessary evils in some cases. To install 
such apparatus, however, without a means of indicating 
whether they function or not is, in my opinion, quite 
useless. Referring to the subject of safety to men 
working on the line, is it not possible for the operator 
accidentally to place the earth contact in Fig. 24 on 
the busbar plug instead of the feeder plug ? Inter¬ 
locking entails complications and also engenders in 
tixe operating staff a false feeling of security. No 
interlocking system is 100 per cent mistake-proof, and 
I often wonder if an elaborate sustem might not cause 
as many accidents, due to over-trust in it, as would 
arise in a simple system without any interlocks at alL 
I suppose the solution, as usual, lies in a compromise. 
There is a plethora of protective schemes oii the market 
nowadays, and improvements in existing schemes 
generally mean additional relays. Whilst sympa.thizing 
with the makers in their dif&culties, I am afraid that 
the inevitable result of it all will be that the bewildered 
user will, in many cases, regret the departure from "ke 
original combined overload and leakage system, which 
possessed the great advantages of simplicity, robustness 
and absence of pilots and was easily understood by 
the operating staff. It is iHunoinating to compare the 
schemes adopted in all new stations throughout the 
world; a few are the simplest possible, others have 
installed all the schemes and complications in existence, 
while others have struck the happy medium. Every 
undertaking has its own peculiar conditions to meet, 
and if a maker keeps this in mind and concmtrat^ 
his endeavours towards simplicity and reliability in 
the direction indicated in the paper, I feel confident 
that the nearest approach to the ideal system will be 
reached v^ry soon. I like the term stability ratio 
and tile purpose for which it is put forward, but I am 
rather afraid that users will not be able to employ it 
with confidence until standards are established for the 
two factors constituting the ratio. The author makes 
a remark with regard to the rating of oil switches 

on page 434 and to my mind, since both subjects are 
so closely related, the same bases might be employed 
for both. The author quotes stability ratios varying 
from 26 to 200, and I should be glad to Iqjow what in 
his opinion are good values for generators and feeders 
respectively. With regard to the neutral resistance, 
the more one studies the subject of proT:ection the more 
one is driven to the Sonclusion that a resistance is un¬ 
necessary. It is really a question of sUbility versus 
resistance. Both are pulling opposite ways upon the 
relay settings, stability demanding a high setting and 
resistance refusing and, in fact, enforcing a, lower 
setting. Viewed from another point of view, the 
presence of a resistance has one advantage pnly in that 
it limits damage to the alternator on the occurrence 
of an eartli fault. In my opinion this advantage is 
purely theoretical, because exactly how much more 
''the damage would be with a solid neutral can only 

68 
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be guessed at, especially when one considers the extremely 
small values of earthing resistances, which values will 
become smaller and smaller (therefore entailing more 
and more space occupied) with the rapid increase in 
the size of alternators. On the other hand the absence 
of a resistance would afEord such definite advantages 
as: (1) Higher relay setting, and therefore greater 

stability, (2) complete protection of alternator windings 
against earth faults; (3) quicker development of earth 
faults; (4) elimination of cost of resistance; and (6) 
saving of space required for resistance. With regard to 
advantage (3), the devotees of the resistance might 
say, Not only quicker but more disastrous develop¬ 
ment of earth faults, and my answer to this would 
be that, as regards feeders, a’ more disastrous effect 
would be welcomed because it would enable faults 
to be located with more certainty and speed. As regards 
alternators, however, we come back to the point to 
which I have already referred as the only—and at 
that, doubtful—advantage of a resistance. If we 
^sume, however, that it is indeed a definite advantage, 
is not the correct way of tackling the problem to let 
the fault develop quickly to a high value and trip it 
out quickly with certainty, rather than to let it develop 
slowly and trip it out at a slightly lower value with 
•uncertainty ? Let engineers ask themselves which of 
these two circumstances will cause more damage. 
Once an earth fault develops, the fraction of time 
corresponding to the difference in the two relay settings 
is negligible, and it also should not be forgotten that 
the fault may develop in that portion of the winding 


left unprotected due to the presence of the resistance. 
I do not quite agree with the author when he sa}^ 
that the need for sensitive settin|s is due solely to the 
desire to cut down the size of the resistance. It might 
be so where space is very limited, but in my opinion 
it is more often in order to protect as much of the 
windings as possible and to lower the fault tripping 
current at the same time, simply because it is taken 
for granted that a resistance is absolutely necessary. 
I am very interested to hear that the author does not 
favour the employment of reverse relays for generator 
protection, but as only ontf single-phase relay is 
necessary when used in conjunction with Merz-Price 
gear, I consider that the extra insurance which it 
affords is worth the slight extra cost, particularly 
where alternators vary greatly in size. This type of 
relay redeemed itself in my views during a recent accident 
when under a unique set of circumstances one such 
relay assisted in preventing a total shut-down. Under 
the title of self-balance the author describes an arrange¬ 
ment for alternator terminals which might well be applied 
to any machine, no matter what system of protection 
is adopted. As regards his views upon the sequence 
of tripping of the machine oil switch, main field and 
exciter field, this is largely a matter of opinion upon which 
not only makers but users differ. I can certainly support 
his statement in his concluding paragraph that overload 
devices are great offenders in inadvertent operations. 

[The author's reply to this discussion will be found 
on page 1031.] 


Western Centre, at 

Mr. R. Hodge : One very interesting item which I 
do not think has been mentioned by previous speakers 
is the suggested t 3 q)e of switchgear for outdoor feeder 
work for use in agricultural and outlying districts. I 
refer to the high-tension switchgear. If this piece of 
apparatus, after being thoroughly tried out, is proved 
reliable, it should greatly simplify the supply o& elec¬ 
tricity to outlying districts, as no doubt its cost will 
be well below that of circuit breakers. 

Mr. C. T.-Allan: It would be an advantage if iron¬ 
clad switchgear could be arranged for phase-changing 
tails to the cables. It is easier to repair a cable joint 
after breakdown by allowing the core joints to be made 
as they come in the road, especially in wet weather, 
than by forcing the correct phases together. When 
a new supply is- commenced, small-ratio current trans¬ 
formers for me-^pring are necessary on account of the 
low load, but, when the load increases, larger-ratio 
current transformers will be instalfed. This is, however, 
difficult to db on ironclad compound-filled switchgear. 
We have attempted to overcome this difficulty by 
housing the meter and its current transformers in a 
separate open-type cubicle. It may not be as safe as 
the other method but it has given us no particular 
trouble. The cost of e.h.t. switchgear seems to increase 
at a very much greater ratio than voltage, maTHrig the 
capital^ cost prohibitive and supplies for rural districts 
impossible. This type of load will have to be catered 

* The paper was reaij, at Bristol by Mr. L. E. Mold on behalf of the author. '' 


Bristol, 4 May, 1925.* 

for, for many reasons, one being that the farmers over 
whose land the pole lines run naturally endeavour to 
insist on a supply being given to their farm. 

Mr. T. R. Kemick : When dealing with ironclad 
switchgear for general distribution, one point I should 
like to mention is the difficulty encountered when it is 
necessary to change-over phases after a feeder break¬ 
down and repairs have been carried out, particularly 
on e.h.t. work. Another difficulty with this class of 
gear is the trouble experienced in getting at the necessary 
contacts when mains-testing has to be. carried out. 
This generally in’f’olves the removal of the complete 
switch truck. The author refers to the merits of under¬ 
ground cables compared with overhead lines, especially 
as regards maintenance costs. With mains laid under¬ 
ground in districts where ground subsidence is common, 
the maintenance costs can be, and are, very much higher 
than those of overhead lines in the same area. 

Mr. H. R. Beasant: The ^aper deals only with 
alternating current, but direct current is still used; for 
instance we are still employing it for traction purposes, 
j Can the author supply any information in regard to the 
safe breaking loads on d c. circuit breakers, or in regard 
to the time taken to get rid of an arc ? We have often 
tried to get this information from switchgear makers, 
but the reply is usually that this breaker will break 
at many times its cairying capacity.^' If such informa¬ 
tion is not availabie I think that steps should be taken 
to supply it. 
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Mr. T. E. Lewis : Can the author say how the figures 
for ascertaining breajsing capacity are obtained ? 

Mr. T. H. Haigh : I gather from the previous dis¬ 
cussion that the breaking capacity of a switch depends 
more on the size of the tank than on anything else. 

1 understand also that the speed of break at the moment 
of opening is an important factor. It is now common 
practice for switch makers so to design their tripping 
gear that if the switch is closed on a fault it trips 
immediately the contact is made, with the result that 
at the moment of opening there is no speed whatever. 
Does this seriously afiect the breaking capacity ? 

Mr. S. B. Haslam : The paper makes but little 
reference to the use of metal-clad gear under colliery 
conditions, yet I think there is no doubt that the develop¬ 
ment of metal-clad gear is largely due to these colliery 
conditions. In South Wales especially it is nearly 
always necessary to use flameproof or explosion-proof 
gear and, to take one improvement only, there is no 
doubt that the excessive strength of tire tanks and the 
increased breaking capacity of this class of gear have 
been brought about because of the precautions which 
are necessary for underground working. Mr. Allan 
menti^Jned certain conditions which have to be taken 
into account very carefully, especially at the present 
time when finance is the predominating feature. These 
conditions are of course due to the development of 
electricity in underground working, and it is really a 
very serious matter and one which recjuires careful con¬ 
sideration. Personally, I consider there is a great deal 
of danger in an indiscriminate use of reactors, and it 
is necessary tliat all conditions should be taken into 
account before they are used. Another source of trouble 
which is fre< 5 ^uently overlooked is the (^^uestion of relative 
speed in operation of different types of switches in 
series. In a recent experience a small modem distribu¬ 
tion switchboard was connected by a short length of 
cable to a circuit breaker on the main board of a large 
power station. The large switch was intended to deal 
with bad faults and to protect the smaller switches, but 
owing to the smaller modern switches operating more 
rapidly they were disastrously stressed. In such cir¬ 
cumstances a definite time-delay device must be used 
which will ensure the larger switch operating first for 
a heavy current fault, but for a small current fault 
the smaller switch may clear the circuit at the expira¬ 
tion of the time-delay. It is hardly necessary to 
emphasize the fact that the very greatest care should 
be exercised in the selection of materials used in metal- 
clad gear. The other point to which I should like to 
refer is the connections to the machines. It does seem 
absurd that whilst carefully designed boxes are considered 
to be a necessity on a switchboard, the cables are fre¬ 
quently connected with the machine in a haphazard 
manner. The paper shows us that the author has given 
a considerable amount of thought to this import^t point, 
and I should like to suggest that f ar^more attention could 
well be given. 


Mr. H. W. Clothier {in reply) : I propose to deal 
with the various points raised' und^r the headings of 
the Centres where they were discus&ed. 


Newcastle. 

Th§ discussion at Newcastle is significant, coming*^ 
it does from the home of complete metal enclosure, 
where there is plenty of experience as to its design and 
working conditions. Apart from a general agreement 
with the several contributiofis there are a few specific 
points which call for a detailed reply. I feel sure there 
is much in Mr. Gregory’s statement in regard to 
automatic indication and supervisory control. I am 
satisfied that the future will bring a greater demand 
for designs to relieve much of the very onerous 
operating which is performed to-day by hand. The 
greater uses of electricity and the concentration of 
enormous power will call more and more for automatic 
control. Otherwise the responsibility of making rapid 
decisions correctly, especially during emergencies, would 
be likely to become almost intolerable. These thoughts 
lead me to disagree with such comments as those made 
by Mr. Cresswell at the expense of interlocking features. 
Admittedly, every interlocking device must be per¬ 
fected, and I believe that with care it can be. After 
all, automatic control and automatic supervisory con¬ 
trol are in themselves advanced interlocking features 
in that they reduce the chance of human error by 
placing the sequence of operating functions into a 
regular order. 

Mr. Williams suggests an appendix showing total 
switch-house costs, including building. I agree that 
this would be instructive as a commercial basis between 
different types of switchgear, but I suggest that it does 
not come within the scope of a paper the purpose of 
which is to consider safety to life and security to supply. 
Moreover, there is difficulty in making a straight cost 
comparison owing to the great divergence in practice, 
in the layout of connections, duplication of switches, 
in the margin allowed on insulation and clearances and 
in other ways, but a comparison of building construc¬ 
tions between draw-out metal-clad switchgear and a 
well-known example of cell type switchgear in America 
is shown in cross-section in Fig. E. The circuit breakers 
have the same rated breaking capacity, although in the 
metal-clad gear the tanks and top plates are larger and 
stronger, and therefore may be said to have a larger 
factor of safety. 

The footnotes in the paper are intended to give credit 
very briefly to the originators of the designs which are 
recorded. 

The semi-fluid compound referred to is a heavy 
mineral oil which is suitable for filling chambers when 
1;Jie contents are required to be accessible. It flows 
sluggishly at 16® C. and freely at? 60® C., and its 
specific gravity is to 0-92. As it is fluid at the 
permissible temperatures of switchgear, pil-tight joints 
are usually essential. 

Mr. Thornton’s testimony in regard to decreased costs 
of maintenance and repairs should be noted. The time 
of shut-down in making busbar extensions may be 
reduced by the initial erection of busbars^ in complke 
sections with section switches or in the use of duplicate 
busbars, but as a matter of a practice it is usually 
possible for a skilled erector to make a busbar joint 
in an hour or so. Other work on extension parts may 
be carried out in safety up to this -^juncture, as only 
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earthed metal is accessible, even when an adjacent 
6 :? 9 Sting panel is alive. A tee off a split-conductor line 
can always be taken satisfactorily through a single*split- 
conductor svdtch. In this respect the choice of pro¬ 
tection is equally favourable to split-conductor and 
Merz-Price voltage-balance protection. But I agree 
with Mr. Thornton that the split-conductor system 


accommodation laterally on alternator end-shields for 
the three terminals in line. In the^future if end-shields 
are made deeper for other reasons it may be convenient 
to revert again to the design shown in Fig. 36 (I refer 
him tp Mr. Buist's contribution to the discussion). At 
all events I am glad to have his views on the routine 
of breaking field circuits, and agree to the necessity for 
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• Fig. E.—Comparisons between Hell Gate and Balmamock power stations. 

^ . ^ • Upper figures {scale * 111 .-. 1 ft.) 

Od^ busbars, section through single phase. Single circuit breaker and two oil busbar selector switches per 

drsuS^S^JE^IS ^ generator section through three phases, duplicate* busbars with two circuit breakers per feeder < 


panel, 
[erand three 


1^ wntrolling a given number of generators gnd feeders the lengths of these two buildings would be approximately the same. 

The lower figures (scale * in.»1 ft.) show the relative sections through the circuit breaker tank and top plate j both are rated at 1600 000 kVA. 


of feeder protection is inconvenient on feeders with 
tees when ttee tee is to be protected by a fuse for the 
sake of economy. It involves the use of a balanced 
reactance on each tee; these are not desirable additions 
to the switchgear apparatus. 

I am disappointed that Mr. Rosen cannot find 


very sound construction of switchgear for power station 
auxiliaries and on self-balance protection. The im¬ 
portance of extinguishing the fire following a fault on 
the winding is felt so acutely that In some places a 
fire^extii^ishing spmy is contained within the machine, 
r The speedy action^ self-balance protection in isolating 
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Se exSrS Si ® reduction of fire risks and 
the extent of d^ge occasioned by a fault The 

world-wide use of one or other balanced-sSms for 
alternator protection is a striking acknowl^gM^t S 
the pioneer work on protective systems done in the 

L'SSt on local power under- 

tcilvings just on 20 years ngo. 

I would commend Mr. Leeson's alternative treatment 
of dealing wth the need for a recognition of some form 
of stability factor to tke British Engineering Standards 
A^ociation, as I see no bettor means of encouraging 
a high standard of efficiency in this respect than by 
havipg an attempt made to establish tiie terms and 
measure of efficiency of protective systems. I agree 
that tlie minimum ” stability safety factors ’’ should 
be as follows :— 


For voltage-balance feeder protection .. ..2 

For split conductor .[ !! 4 

(since the larger factor is easier to secure, retaining a 
light fault setting). 

For gi^nerator protection current balance .. .. 4 

For transformer protection current balance .. .. 2 

The above figures to include all known hazards such 
as the magnetizing-current transient on transformers 
and lesonance phenomena on feeders. 

As a specification for protective gear one would 
include the following particulars:— 


shown, but it must always be the safer and simpler plaix 
to open the circuit before effecting the change-over. 
Mr, Mold asks for a reliable expression of opinion on- 
this subject. Other contributors have discussed it. I 
would refer him to the remarks by Mr. Townley and- 
Mr. Lovell, also to those by Mr. Buist, who declares 
that the desire to be able to change over without: 
making dead is a legacy of the open-t 3 rpe gear.** 

Given a suitable layout of cables and plant, it should 
be possible for any one switch to be open withouf: 
interruption of supply. Unfortunately some systems, 
e.g. single feeders starred out, are deficient in this 
respect. In such cases it is impossible to open any 
feeder switch without causing an interruption, and 
therefore occasions do arise in which it is out of th.e 
question to effect a change-over unless it can be done 
with the circuit alive. The need for such schemes as 
shown in Figs. 9, 10, 11 or 12 appears to be brough.'fc 
about entirely by these shortcomings in some system, 
layouts. Owing to the greater operating dangers and 
interlocking complications of changing-over under load, 
it is best to continue with the simple plan shown ira 
Fig. 8 in aU ordinary situations. 

Loughborough. 

Mr. Wilmshurst agrees that metal-clad switchgeax* 
eliminates danger, but begrudges it the features of non- 
access which is the means by which that security is 
obtained. My best reply is to refer him to otlier 
speakers who are users of metal-clad gear, par— 


Required factor of safety between the actual service settings of relays 
and the test-room result on a circuit with equivalent characteristics 


Proposed standard terms 


" Stability safety factor ” 


Maximum straight-through current possible between phases in the line 
to be protected with the ultimate amount of power plant behind, and 
making allowance for the impedance of ail connections and inter¬ 
mediate equipment 

The minimum primary fault current between phases required to operate 
tlie relay in practical service 


. ^ Phase straight-through ** i»current 
Phase fault current 

Minimum cairtii fault primary current to trip relays 

Maximum straight-through current to ea^ fairite. having re^d to 
the limitation of current imposed by the resistance of the return 
path via the earthing resistance 


"Straight-through** current 


" Phase fault ** current 

" Stability ratio *' or efficiency 
factor ** 

" Earth fault ** current ^ 

"Earth straight-through*’ current 




UoU. _^When considering possible easement due to 

the phase » straight-ttmough ” current, the adverse efiects 
should not be overlooked. 


'* earth straight-through " current being less than, 
of simultaneous earth faults on different phases 


I am to Ml mtk Mr! 

TOUT ol tha method of changing over from one bnshm 


ticularly those included in the Newcastle and Leeds 
d^cussions, but in addition I would suggest that x-t 
is a delusion to expect on large cell-type gears that tlxo 
conductors form their own diagrams. It used to be so, 
but since they have grown and are n<^w scattered upom. 
diff^ent floors and compartments this advantage carx 
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n<j longer be substantiated. If it applies at all it is 
to metal-clad gear nowadays, because the whole 5f the 
conductors are usually to be found upon one floor, and 
the path of the primary conductors could readily be 
painted upon the outside of the metal casing. 

Mr. Wilmshurst makes a point of the possible need 
for increasing the sectional area of the busbar. When 
a station grows from small beginnings a time arrives 
when the switchgear originally installed, unless made 
large enough for the ultimate growth, must be taken 
out and, if it is in good condition, it may be moved 
to some less onerous situation. It is in such cases 
insufi&cient merely to add copper to the busbar sectional 
area,, indeed that addition to large power station gear 
is a most unusual demand, for the reason that such 
gear is generally made up in sections of generators and 
outgoing feeders, each section canying its own load 
from its generators. If a new generator is added it is 
usually because there are new feeders also, and these 
form the nucleus of a new section premeditated when 
the plant was first installed. The supposed impossi¬ 
bility of making additions to the sectional area of an 
existing busbar is not a material objection. One might 
almost as well call it an objection to cables and 
generators that their copper cannot be increased. It 
is not done. The demand in such cases is met by 
putting down new plant as extensions. 

Mr. Wilmshurst inquires as to the protection of unit 
transformers for auxiliaries in large generating stations. 
These, may be coupled on the high-tension side direct 
to the terminals of the alternator or to the switchgear, 
whichever is the shortest route for the cables. One 
switch panel controls the generator, its unit transformer 
and the cables. The automatic protection, whether 
Merz-Price current balance or self-balance, would have 
one common secondary system and relays. 

I believe that the tetrachloride fuse serves a useful 
purpose economically when mounted well away from 
any operator. Its suffocating fumes must be a restriction 
otherwise. The fuse chamber in Fig. 27 contains nothing 
but ordinary switch oil. Any corona discharge inside 
metal-clad gear would be distinctly dangerous. Just 
as with open-type gear, it tends to weaken the insulation 
by forming nitrous acid. One feature of the metal-clad 
construction is that the compound- or oil-filling prevents 
internal air spaces and so avoids corona. 

It will be of interest to present-day switchgear 
designers to hear of Mr. Driver's experiences with the 
water-break swiljches which form part of the early 
Rayworth pillar^ These, with the exception of th^ 
actual switch, were pioneers of ^metal-enclosed con¬ 
struction. Mr. Driver's experiences with lightning 
arresters is coiS&rmed by other speakers, and the subject 
is discussed below (see also the discussion before the 
Institution and my reply thereto)- * ' 

Mr. Hall's experiences with pole-line insulators and 
switchgear on first consideration seem to point to an 
insufficient factor of safety in initial design, but this 
of course requires a closer investigation than I am ablei 
to make on the information supplied. 

In reply to Mr. Field I will assume that the angle 
of lag of the short-circuit current is increased by 
additional, reactance, and that an oil circuit breaker 


severs the arc, at the first zero value in the current 
wave, on short-circuit at unity po^er factor with com¬ 
parative ease. With lag in current there is a tendency 
for the voltage to, maintain the arc, and at a critical 
phase •angle the arcs might be reinstated in passing 
through the zero value of the current wave, and hence 
the arc is prolonged and the arc energy thereby 
increased. 

The temperature-rises for busbar densities in Fig. 13 
are within the British Standard Specification No. 116, 
namely 30 deg. C. up to and including 2 000 amperes, 
and 40 deg. C. over 2 000 amperes. I am unaware of 
any trouble at the juncture of cables and lines directly 
attributable to the form of excess-voltage dissipation 
advocated in the paper and elsewhere in my reply. 
There are many thousands of. miles of lines so protebted 
at all recognized pressures up to 66 000 volts ill this 
country. It is notably a standard practice on the 
North-East Coast. The several causes leading up to 
the complexity of the balanced protection systems 
shown in Figs. 32 and 33 are described in the paper. 
It does not follow that because some exceptional 
cases warrant this complexity that protective gear 
is getting more complex than ever. . All new Efforts 
must be directed towards simplicity, but reliability 
and stability have the first claim upon the design. 

Fig. 20 is a diagram of busbar layout. It is not to 
be supposed that it represents the geographical position 
of the generators. The vertical upward isolation sim¬ 
plifies some of the constructional framework and gearing 
for large sizes, as shown in Fig. 7, when a crane common 
to all units is available for raising the removable por¬ 
tion and for transferring it to an inspection bay or to 
another unit. Moreover, the arrangement eliminates 
much man-handling, and has a time-saving advantage 
for massive circuit breakers during the process of erection 
and maintenance operations. Had Mr. Field taken 
time to consider the full circumstances the arrangement 
would not perhaps appear to him “to be a very un¬ 
satisfactory layout." At any rate it is one that appears 
to fulfil the requirements of four of the large power 
stations in this country, indeed, I believe, in all the 
power stations in this country which contain any 
appreciable numbers of circuit breakers of over a million 
kVA breaking-capaeity rating. 

Leeds, 

Over 60 points worthy of serious attention were raised 
at this Centre, and I am gratified to. receive such 
appreciation of the principles set out in the paper 
entirely from engineers competent to speak with 
authority upon users' experiences.'' These points include 
significant comments upon excess-pressure discharge, 
stability of protection, relative safety of different t 5 q)es 
of switchgear, duplication of switches and busbars, and' 
the changing-over thereon, b/eaking-capacity ratings 
and other important subjects, and I should prefer 
nothing better than, that they should be read as replies 
to criticisms of those speakers in other places who app^ 
to be less practised in the • essentiads of satisfactory 
operating requirements. In consequence of the numerous 
comments, I may perhaps be. excused,! without risk of 
being thought negligent, .from full discussidn of* the 
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subjects already included in the preceding reply, if I 
deal mainly with the^other items. 

I understand that Mr. Howard Brown^ wishes to 
consider how the principles of protection which^have 
been discussed for alternating currents can be applied 
to d.c. plant. I believe that the metal-clad enclosure 
and draw-out gear is suitable and desirable for safety ; 
there are many existing instances of oil-break d.c. 
metal-clad switchgear for pressures up to 3 000 volts. 
The circuit-breaking problems are more difficult. The 
arc energy is greater aiSd more vicious than the corre¬ 
sponding capacity in* alternating current. Thus the 
design of the circuit-breaker portion must be adjusted 
to suibthe more severe conditions. As to discriminating 
systems of automatic protection, I know of one system 
of leakage protection which operates on out-of-b^ance 
between the current in the positive and negative leads 
respectively. The reverse-current relay . as a dis¬ 
criminating device has no disrepute that I know of, 
and of course the automatic-control d.c. substation 
plant is well known and is making considerable advance 
as an example of automatic and interlocked sequence 
of operations. 

The fuse for potential transformers is a somewhat 
delicate device at its best; the addition of a separate 
resistance in circuit with it only adds to the frailty of 
the whole potential-transformer circuit, but a resistance | 
combined within the fuse itself is a possible solution of 
the desirability of reducing the amount of short-circuit 
current which may pass in the event of a fault beyond 
the fuse. A high-resistance fuse * may also find useful 
scope as a protective device for comparatively small 
liigh-tension feeder circuits, but I would consider the 
addition of a separate resistance to a small high-tension 
feeder a risk as it introduces another weak apparatus 
with its own set of insulators, which are additional parts 
to maintain and protect. 

I think that Mr. Townley's record of experiences on 
open-t 3 ^e switchgear are of exceptionally notable value 
and the attention he has drawn in the past, and now 
repeats, to earthing resistances and the stability of 
protective s 3 rstems will have more effect than anything 
I can say. He gives timely advice in respect to chan^g 
over from busbar to busbar ; he says " sudi operations 
are infrequent and should never b5 done hurriedly. 
He speaks of the inefficiency of concrete b^ers in 
isolating an arc once started on switchgear with about 
60 000 kW of plant running, and says that extended 
experience of the behaviour of metal-clad gear under 
such conditions has yet to be gained. Under no cir¬ 
cumstances is it possible for the arc to spread from 
conductors on panel fo panel, for the obvious reason 
that no metal but earth metal is exposed. An incident 
is on record where a dead short-circuit was made on 
metal-cla-d switchgear due to a constructional mischance 
when 76 000 kW. of plant at the station was running 
in parallel with a similar , amount of plant at other power 
stations. The entire damage was localized to the faulty 
switchgear panel and, notwithstanding the violence of 
the shock to the switch house, not a single consumer 
or generating plant was interrupted. The only other 
effect was to bum out an earthing re^stance for which 
♦ Patent No. 227928 aiidJProv.^pecn. 8686/1^5. 


one of the generators was afterwards shut down by 
hand.” In contrast with this the Calumet switchgear 
referred to by Mr. Gregory was reported in the Electrical 
World recently to have caused a complete cessation of 
supply to parts of Chicago. This was owing to an arc 
being drawn out and spreading over several panels on 
one phase; the trouble was even communicated to 
another phase of the switchgear, notwithstanding the 
isolated phase construction of the building, and was 
due to the operating rods becoming damaged. As one 
speaker said, '' the open-type switchgear gives the arc 
a free ticket.*^ There is available for reference at least 
16 years' experience of metal-clad switchgear workmg 
in power stations on systems where the plant capacity 
is equal to or more than that mentioned by Mr. Townley. 
In every instance of failure known to me the trouble 
has never spread beyond the part of the panel at the 
root of the disorder. Mr. Townley asks for the breaking 
capacity of circuit breakers, but this can only be deter¬ 
mined from- experience under operating conditions, 
although I agree that the most useful basis among 
numerous other characteristics is the volume and strength 
of tanks and top plates. No further amplification upon 
the contents of the paper can be more convincing than 
service experience. Even prearranged tests may mis¬ 
lead because they proyide for everything, in test-room 
condition, whereas the greatest stresses in circuit-breaker 
tanks are to be encountered when the unusual disorder 
happens, such as accidental sustained arcing. Sheer 
mechanical reliability is the all-important factor. This 
can be gauged by inspection and years of service, but 
cannot be reduced to a formula in the present state 
of the craft. 

The report of Mr. Longman’s contribution does not 
record all that he said, but his criticisms in regard to 
connecting up protective gear and the need for efficiency 
in all directions, both as regards the prevention of, as 
well as the release of, faults are warranted. I am not 
aware of any breakages attributable to right-angle bends 
in compound-filled boxes. He draws attention to the 
single-switch substation equipment (Fig.. 28) as a sdheme 
requiring examination from the point of view of reducing 
switchgear costs. In reply to his question the voltage- 
balance protection transformer extends so far overthe tee 
as to operate in the event of a failure of the switch fuse. 

Mr. Jones also refers to relative efficiencies. It is 
unusual for manufacturers not to state a brea^g 
capacity, but the actual meaning of the anmunts given 
is frequently obscure. 

Idr. Lovell refers to a point mentiomed also by Mr; 
Bridges at Newcastle,.»viz. the need for some device to 
close from a distance a switch which controls a doubtful 
circuit. A device once called an “ iron"* hand ” was 
made for this ptifpose. This was in the form of as 
portable weighted lever which could be attached to a 
switch handle, the weight being -teipped over into action 
closing the switch by a. cord pulled from a distance. 
Other devices for a similar purpose consist of ropes 
attached over pulleys to obtain the right direction of 
force in closing a switch directly. These may be some 
comfort to an operator in an awkward situation, but 
'such safeguards if provided are likely to be missing 

when most required. The best policy, of course, is to 
* • 
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iitstall switches in all positions which have su^cient 
rating to withstand closing on a fault without danger 
to any operator, whether the switch be in a cell or 
remote-operated; in any case the safety of the person 
who happens to be standing by the switch has to be 
considered, as well as that of the person actually making 
the operation whether directly or from a distance. 

Referring to Fig. 3, the centres of terminals on trans¬ 
formers are sometimes so wide apart as to prevent the 
use of a direct three-core cable dividing box, otherwise 
I agree that they would be preferable to the single 
boxes in the case stated. On the self-balance protection 
the lead sheath of the cables is insulated from earth 
atC ** (Fig. 37) and therefore the resultant unbalance 
due to the fault-current circuit will energize the pro¬ 
tecting transformers " and thereby operate the 
protective system. 

Mr. Buist's considered communication is rich in 
practical experience. I have already referred to some 
of his comments. Regarding his reference*to page 436, 
in order to obtain sensitive trips on certain modifications 
to Merz-Price protection using current-balancing and 
biased relays large current transformers have been used. 
These on open-circuited secondary would give high 
secondary voltage. For example, a 40-VA transformer 
when passing 300 amperes (primary) gave a secondary 
pressure of 1200 volts on open-circuit. Mloreover, 
transformers of 160 VA have been recommended for 
longer lines. The corresponding open-circuit voltage 
would be a source of danger to anyone, who might be 
handling the secondary leads under the impression that 
they were at low tension. Compared with voltage- 
balance with single-primary-turn air-gap transformers, 
a primary current of 300 amperes gives about 12 volts 
on the secondary, and a momentary maximum of 
400 volts is attained only in the event of a short-circuit 
of 10 000 amperes passing through the primary. 

Both Mr. Buist and Mr. Lovell refer to the earthing 
device shown in Fig. 24. One phase only should be 
earthed first always. The busbar chamber shotfld be 
locked off in order to avoid the risk of an operator 
accidentally earthing the busbar. Sometimes a locking 
keyway or some such device is added; this pennits 
the earthing plug only to be applied in the required 
position. I agree that such precautionary measures 
are desirable to avoid mistakes. In one instance an 
operator locked off the correct door, but his superinten¬ 
dent, t hinlfin g ^he had made a mistake, deliberately 
unlocked the door and inserted the earthing plug in ijojQ 
live contacts. ♦ 

The following suggestion for#" stability ratio" or 
effi-ciency :^actor " should be read with the stability 
safety factor figures given in reply to Mr. Leeson. 

• 

Voltage-balance feeder protection on the 

ordinary simple case, an average of .. .. 26 : 1 

With added apparatus like the diverter relay 
system; providing lighter setting when 

imperative .. ,. .100 : 1 

For generator protection with ordinary current 
balance and impedance relays ,. .. 100 : 1^ 

With the addition of bias or diverter relays 

when lower faidt settings are imperative .. 200: 1 


Mr. Buist^s contribution to the;question of earthing- 
resistance values is opportune and serves as a more 
complete reply to Colonel Edgcumbe. The point for 
their^retention, namely, the saving of the alternator, 
I agree should be met by using a resistance of low 
ohmic value. This increases the size and consequent 
cost as shown on the approximate curve, Fig. F, but 
I believe that the solution, so far as economy is con¬ 
cerned, will be found in the wider use of water resistances. 

I trust that the foregoing discussion will lead to a 
further advance in the science c?f switchgear engineering 
and that this section will achieve a future record tending 
to free the uses of electricity from risk. The fact that 
electricity is safer than other contemporary ' power 
agents, e.g. gas, should not be taken, as it sometimes 
is, as a narcotic to smooth over the accidents which 
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Fig. F.—^Approximate cost of earthing resistances on a 
6 600-volt S3rstem, showing increase in cost with reduc¬ 
tion in ohmic resistance. 

Curve A.—Costs of grid resistance. 

Curve B.—Relative possible cost of liquid resistance. 

do occur, however infrequent they may appear to be 
when considered on the basis of comparative statistics. 

Bristol, 

Mr. Allan’s proposal to have accessible change-over 
links on metal-dad switchgear for the purpose of avoiding 
the necessity, when repairing a cable, of taking notice 
of the correct " lay-up " of the phases, has been put 
into practical apiSlication, but it seems to be a refine¬ 
ment hardly justifiable in view df the complication. 
Moreover, the accessibility of any conductor on switch- 
gear is a source of danger of the kind which metal-clad 
switchgear in general construction is intended to avoid. 
In a similar way current transformers have been en¬ 
closed in semi-fluid compound so that they are accessible 
on the removal of a cover. The usual plan, however, 
is to install current transformers in the first instance 
of a ratio large enough to anticipate the future 
demands of the circuit. Another method adopted 
by some unddi:akings and, I believe, first employed 
at Sheffield, is to ^standardize certain current ratings 
and when, as in the case of a wattmeter circuit, it is 
required at the commencement to have a low wattmeter 
reading, the removable portion of &ie panel is, for the 
time being, replaced by one having wattmeter current 
transformers mcJlftited as an integral part, the whole 
forming a Jow-reading wajtmeter unit combined with 
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the circuit breaker. All that'is necessary then, when 
the consumer’s load Increases, is to withdraw the watt- 
meter unit and replace it by the standard circuit breaker. 
This avoids any alterations to connections J it can be 
very quickly done, and it eliminates any possible danger 
which might arise from the handling of accessible 
high-tension conductors. The cost of very high- 
tension switchgear is certainly prohibitive for small 
supplies if complete panels with circuit breakers are 
•employed for scattered areas, such as farms and rural 
districts. The switch-fuse, as illustrated m Fig. 27, is 
one means adopted to deal economically with such con¬ 
ditions. 

Mr.* Kernick^s point in regard to cable jointing is 
to that referred to by Mr, Allan. In most 
makes of metal-clad switchgear the cable-testing con¬ 
nections are easily inserted into the orifice sockete 
which are available when the removable portion is 
withdrawn. The attachment of such connections to 
bare conductors on open-type switchgear is frequentiy 
a source of danger to the operator owing to the risk 
of the conductor being inadvertently alive. In metal- 
clad construction the risk is to some extent reduced, 
particularly if correct precautions are taken in the design 
and application of earthing devices, for example, as 
illustrated in Fig. 24:. When making the usual low- 
tension tests it is preferable first to use the device 
indicated in Fig. 24 to earth the cable, and then to 
take the testing connections from the top contact of 
the switch in place of the earth connection. For high- 
tension tests, jumper cables to plug into the orifices are 
substituted for the removable portion. On the whole 
the risks attendant on making special connections, for 
testing purposes, to high-tension conductors are reduced 
by the suitable application of correct metal-clad 
principles. 

Mr. Beasant infers that, whilst much attention is 
given to a.c. problems, direct current does not have 
so much as it merits. The metal enclosure of d.c. 
switchgear is equally desirable, especially on the high 
voltages now in vogue for railway service. The en¬ 
closure and breaking capacity have been discussed in 
reply to Mr. Howard Brown. I would also refer 
to the tests recorded by Mr. Collis.^ It would be 
opportune for some up-to-date tests,, breaking direct- 
current short-circuit currents under oil, to be made. 
This would be a suitable subject for the attention of 
the British Electrical and AUied Industries Resear(^ 
Association. Circuit breakers of the draw-out oil- 
break metal-clad type have been used to some extent. 
Whilst it is true that the demand for those of large 
breaking capacity is •not so general as in the c^e of 
alternating-current service, considerable attention is 
now being paid to the development of high-speed 
circuit breakers for the protection of converting plant 
against commutator flashing, which is a step in the 
direction required by Mr. Beasant,* 

In reply to Mr. Lewis, breaking capacities are 

• Paper read before the South Wales Institute of Eugiueers, X911. 


obtained from the results of experimental data in 
breaking short-drcuits on alternators, coupled vnth 
a close observation of the operation in practical service. 
The latter is of the greater value in that larger short- 
circuit fault currents occur ^accidentally than can be 
obtained voluntarily by plant at present at 'the disposal 
of British manufacturers. As mentioned elsewhere, 

I know of no infalUble formula for calculating the 
breaking capacity of a circuit breaker from dimensions 
and characteristics. (See also my reply to Mr. Townley 

and Mr. Field.) . 

I agree with Mr. Haigh that of all the circuit- 
breaker characteristics the strength and dimensions of 
the enclosure are of primary importance, and possib^ 
he is correct in placing ihe speed of break 
Most modern circuit breakers have a good Icick-ofi 
spring release which comes into operation immediat^y 
the circuit breaker is tripped. The velocity at the 
separation of the sparking contacts must be greater 
when a circuit breaker opens from rest than when open¬ 
ing at the moment of engagement of the sparking tips 
during a closing operation on a fault. I should not 
expect this to have an appreciable effect on considera¬ 
tions of breaking capacity. In any case, when closmg 
a switch on a fault there will be a certain lag occuirmg 
in the operation of the mechanism which will allow 
the sparking contacts to travel inwards a short way 
prior to the reversal of direction. This short distance, 
however small it is, is enough to a.llow the sparking 
contacts to acquire momentum prior to the actu^ 
separation. It is possibly true that closmg a circuit 
breaker on a short-circuit is worse than opening on a 
short-circuit, as there is first the arc disturbance on 
making contact, and secondly the arc disturbance on 
breaking contact. This may be a more serious considera¬ 
tion than the velocity at the moment of the contact 

separation. . 

Mr. Haslam's remarks are of great importance, 
particularly with reference to the necessity for Ike 
careful determination of the maxmum possible short- 
circuit currents in the several positions in mines. No¬ 
where has there been such a great progress in the develop¬ 
ment of large power plant for the application of electricity 
in mines as in South Wales. For example, there are 
power stations of large aggregate capacity generaimg 
at 3 000 volts , practically at the pit heads, and the 
safety factor in such circumstances cannot be too greatly 
emphasized. There is a report* existing on the 
maximum short-circuit currents likely to obtain m 

gfeveral positions in mines. ^ , x.. ij 

I confirm also the necessity for careful attention 
to the relative time''function of circuit breakers when 
two or more circuit breakers of different brea^g capa¬ 
city are connected in one circuit. It is possible by the 
correct adjustm&t of definite time-lag to allocate the 
breaking duty on the heaviest short-circuit currents to 
the most efficient breaker, which, in many cases, may be 
preferable to the indiscriminate nse of reactances. 

♦ B.B.A.M.A. Technical Committee Report, October 1024. 
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Sheffield Sub-Centre, at Sheffield, 19 November, 1924. 


Professor D. Hay: We have for some years con¬ 
ducted at Shefi&eld University a standard test for 
flameproof qualities of commercial electrical apparatus— 
a test of a limited character based on the earlier work 
of Thornton, Wheeler and others. Although the con¬ 
ditions of this test do not perhaps go as far as we should 
like, I feel convinced that this work has served a useful 
purpose in establishing some kind of limited standard 
for such apparatus, and this is far better than having 
no standard at all. It is within our knowledge that 
the result of the tests has been to cause many modi¬ 
fications in design, and personally I feel satisfied that 
apparatus designed in accordance with the best recent 
designs is extremely unlikely to fail in practice. Look¬ 
ing back over the past 16 years, I note that there has 
been an enormous improvement in the standard of 
construction, installation and maintenance of electrical 
apparatus for use underground, and I look for still 
further advances, following the train of research work 
such as that described in the present paper, backed up 
by the efforts of the manufacturers. 

Mr. I. C; P. Sta'tham : The conclusions at which 
the author has arrived are interesting, but before pro¬ 
ceeding to apply them in the mine much careful research 
work is still necessary to ensure that the conditions he 
lays down are within the safe limits, particularly since 
the results obtained by Prof. Wheeler are not in con¬ 
sonance with those recorded in the paper. In this 
connection some results obtained in routine tests of 
electrical apparatus in the Testing Department of the 
University of Sheffield also appear to conflict with 
the author's conclusions. I refer to tests made upon 
the limiting current permissible with an automatic 
relay for mining use. In these tests it was found pos¬ 
sible to obtain ignitions of firedamp-air mixtures 
containing between 8*39 and 9-13 per cent of methane 
with a single-phase current of 1 • 22 amperes at 100 volts 
with a frequency of 60. This result was obtained with 
inductive circuits having a power factor of 0-869, 
whilst with a practically non-inductive circuit having 
a power factor of 0-987 the igniting current was 1-60 

♦ Paper by Dr.’W'. M. Thornton (see vol. 62, pp. 481 and 918). 


amperes. It may be remarked that ignition was not 
obtained every time the circuit was broken, but that 
a considerable number of ** breaks" were necessary 
in some cases. For example, iiT one test the operating 
switch had to be opened and closed 46 times, giving 
92 breaks of the relay circuit, before ignition occurred. 
From these results it would appear that the miyi i rrm m 
igniting current values given by the author in Fig. 9 
are much too high; they serve to emphasize the necessity 
for a careful investigation into the question before the 
conclusions embodied in the paper are applied under 
■the conditions which exist in mines. The author 
refers to. the difficulty of obtaining consistent results 
in experimental work involving repeated breaks of 
the circuit, as in the tests to which I have referred. He 
suggests that the results are vitiated by alteration of 
the surfaces of the contacts by the development of 
hot spots" and the production of irregularities of 
" spikes " on the contact surfaces by repeated breaks* 
■V^Hiilst agreeing entirely with this, I suggest that^such 
things would occur in practice, and must be taken into 
account in experimental work having for its object 
the determination of the limits of safety. If the con¬ 
tacts suffer in this way in the laboratory and reduce the 
safe current, they will be affected similarly in practice,, 
as they are not taken out, readjusted and polished after 
each break in order to give consistent break flashes* 
The author also refers to the influence of the rate of 
separation of the contacts. This again is difficult, if 
not impossible, to regulate in practice, but it may be 
added that, in the tests referred to, the separation of 
the contacts was electrically controlled so that the 
rate of separation would be more unifonh than when 
operated by hand. Of greater importance than the 
above considerations is the fact that with alternating 
current the result of a single experiment is likely to 
be misleading, as it is only by the merest chance that 
the " break " would occur with the current at peak 
value, and the object of repeated trial was to obtain 
incidence of current peak and the breaking of the circuit* 
Table A gives the more important results of the 
tests :— ‘ 


• m Conditions of tests 


Power factor 
(a^rox.) 


Table A. . 


Composition of 
explosive mixture. 
Methane, per cent 



Ignition of turbulent mixture after several opera¬ 
tions of relay 

Ignition of quiescent mixture after 23 operations 
Ignition after 4^ operations 
Ignition aftei^^S operations 
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The igniting currents in alT cases are considerably 
below those given ir? the paper, and in spite of the 
author's remarks I consider that these results indicate 
the necessity for a careful inquiry into the whole ques¬ 
tion before the position can be considered satisfactory 
from the standpoint of safety,, which is the common 
goal at which we are all aiming. 

Mr. H. W. Walker : The tests carried out, and the 
results shown in the curves, confirm what has been in 
my mind for quite a long time. In view of Dr. Wheeler’s 
remarks I am rather di^dent in mentioning it, but I 
think it is quite time'^that d.c. supply was dis^lowed 
in the pit altogether. My business is chiefly in con¬ 
nection with breakdowns of underground electrical 
plant, and from my own fairly wide experience I may 
say that failures are quite 50 per cent higher with d.c. 
than with a.c. plant, hence this is a danger additional 
to those indicated in the paper. I should very much 
like to hear the author's opinion regarding pit lighting 
with 26-volt 160-cycle supply, which I think would 
be satisfactory and safe values, and how this is to be 
carried out. In my opinion, lighting is not required 
along the whole distance of many pit roads, but chiefly 
at tlie Soal face, in haulage and pump houses; whilst 

Metliane, per cent .. ..6*16 

fDirect ... .. •• •• 

Igniting current, J 

in amps, ^Alternating {crest values) .. 0-49 

at road junctions as well as at the shaft bottom it is 
essential. As one must consider the voltage-drop 
and cost of wiring to install lights at an a.c. voltage 
of 26, with a frequency of 160 cycles, I consider that 
the most satisfactory and safe method would be to use 
small motor-generators which could be installed in a 
haulage or pump house in the district in wliich lights 
are required. These small machines can be constructed 
in flameproof cases, and can be run off the normal 
power supply, whatever it may be, and would be under 
the control of the regular haulage or pump attendant. 
The capacity of the generator need be only about 1 kW 
in many cases, and in such instances it would be im¬ 
possible to attain a dangerous current^ even in tlie event 

of a short-circuit. ; 

Mr. F. O. Hunt: I should like to draw the attention 
of the younger and Student members to the importance 
of the many side-line investigations of this research as 
throwing light upon the mechanism. of gaseous com¬ 
binations. On the question of the importance of 
ionization in bringing about combination I would 
suggest that the extra activity of nascent gases so long 
known to chemists is probably reaUy a matter of the 
greater number of free ions present in gases, under such 
conditions. 

Mr. L. H. Crowther : X shoul^i be interested to 
know the approximate resis.tanpe necessary for the 
shunted signalling bell. I assume it is wound non- 
inductively. Kiegai^ing^ fhie .question of a.c..^ versus 
d.c. systems of supply, I can conflrm^ the author's state¬ 
ment from nay own experience in ^ steelwori^ • with 
which I am connected. The plant and distributing 


system are fairly evenly divided into a.c. and d.c. 
groups? and alihough installed at approximately th% 
same time the troubles due to insulation breakdowns 
on the d.c. system are quite appreciably greater than 
those experienced on the a.c. system. I was interested 
to see the suggested method for ensuring a low-resistance 
earth, and I believe that the . author gave a figure 
representing the resistance of the earth. How was 
that figure obtained and what distance apart were the 
two points between which the resistance was measured ? 
The nature of the intervening ground would no doubt 
affect the value to a greater or less extent. 

Prof. R. V. Wheeler : I understand that the induc¬ 
tance of the circuit in the experiments recorded in 
Fig. 6 was low and . that perhaps accounts for the 
difference between the author's results and my own. 
Using direct current at 36 yolts with . 0-096 henry 
inductance, and alternaling current at 26 volts (R.MiS. 
value, 36 - 3 volts crest value) with 0 - 098 henry induc¬ 
tance, 60 cycles per second,, I have been unable to find 
any material difference in the i^iting current required 
for mixtures of methane and air by break-flashes pro¬ 
duced mechanically at platinum contacts. I give below 
some typical results :— 

7-10 7-60 8-00 8-60 9-00 9-60, 10-20 10-90 

0-30 0-26 0-24 0-24 0*26 0-28 0-32 0-42 

0-36 0-30 0-26 0*24 0-26 0*26 0-30 0-44 

Since I had not the facilities to experiment with 
alternating current at a higher frequency than 50 I 
asked Mr. J. D. Morgan, of the Marks and Clerk Labora¬ 
tory, if he could do so. He describes his experiments 
in a letter to me as follows i ** A small alternator giving 
a good sine wave was arranged in a circuit containing 
the ignition apparatus, an air-core inductance coil, a 
resistance and a hot-wire ammeter, ftovision was 
made for including in series with the circuit a small 
accumulator as a source of direct cuprent. In the (Jjrect- 
current experiments the alternator rotor was fixed in 
the position of maximum inductance, and the current 
from the battery was adjusted until the spark obtained 
on breaking the circuit was able to ignite the gas. 
Subsequently the battery was removed from the circuit 
and current was generated by the alternator, the resis-- 
tance of the circuit remaining the same. The excitation 
of the alternator was vmied until thp least i^iting 
spiQxk was obtained. The results of experhnents 
with an 8-6 per cent methane-air, iff^ture were as 
follows 


% 

■ __ ^ --- — 

’ Igniting current, in aniperes 


R.M.S. value 

1 

•Peak 

value 

Direct current . . • • 

Alternating current, 68 cycles 
^Alternating current, '200 cycles 

0-286 

o-8o6 

0-416 1 

0.-41 

0-42 
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It will be apparent that the results for alternating and 
direct current are practically the same.” • 

Mr. H. E. Yerbury; As I understand the subject 
matter, the author’s researches and conclusions lie in 
the application to and safety for mining work of an alter¬ 
nating current of low voltage and comparatively high 
frequency, as compared with a direct current. No 
theory can be held to be entirely satisfactory unless it 
’Can be justified by actual demonstrations. I believe 
that phenomena are determined by conditions; there¬ 
fore if the conditions are altered different phenomena 
are manifested. I should be glad if the author would 
indicate what means or what type of apparatus or 
machine he would recommend to furnish this a.c. energy, 
which presumably should be at unity power factor with 
no stored electromagnetic energy anywhere. It is 
common knowledge that the intensity of a spark or 
switch or other contact is far greater with a low power 
factor, and conversely the absence of self-induction 
minimi zes the intensity of any spark. Are we to under¬ 
stand that if the conditions of any circuit are such as 
to manifest self-induction, the results would be different 
and perhaps dangerous as compared with the conditions 
which existed at the time the tests were taken ? 

Professor W. M. Thornton {in reply ): I am glad 
to hear Prof. Hay’s remarks on the improvement of 
electrical apparatus underground. My own feeling is 
that the next and very dfficult step is to secure a 
state of maintenance equal to the quality of the 
installation. 

Mr. Statham’s results are interesting as showing that 
he, in common I believe with Dr. Wheeler and Mr. 
Morgan, has worked with a type of mechanical make- 
and-break that might have been specially designed to 
mask all difference between direct- and alternating- 
current sparks. We found 15 years ago that a contact 
made so that the surfaces were scraped open at break 
was useless as a means of discriminating between one 
set of electrical conditions and another. The circuit 
constants, and even voltage, are then of less injuence 
on the igniting properties of the spark than the physical 
or mechanical conditions of the break. A scraping 
contact, made by a thin spring pressing against a pole 
and at the point of break making a sharp flick, gives 
to the spark a shortness of duration comparable with 
the period of an alternation, so that so far as break is 
concerned there is no difference between the time of 
extinction ^^f the two, nor has the rapidity of alteirnation 
of the current then any chance of affecting the result. 
Such a condition is never met in practice; breaks* of 
cables or contacts do not occur between thin steel or 
brass springs. There is the ^further objection to 
mechanical breaks, of this kind that the current density 
at the point of break is very high, and that the thermal 
capacity of the metal behind the brSak has no time to 
influence the spark. Everything therefore is equalized. 
For this reason we abandoned after a few months’ 
research tl^p method which appears to find most favour 
with these investigators. 

Mechanical breaks are alwa 3 rs troublesome. If an 
electroruaghetic break is used, the current must be shut 
off before make, or the contacts chatter and ignitioir 
can occur at m^e. Unless a mechanical “ knock-off ” 


device is used the break* is relatively slow at the moment 
of opening the contacts, and this^gain tends to equalize 
the effects of direct and alternating current, for the 
spark in an alternating-current circuit then lasts many 
peribds and is equivalent. to a direct current. In 
practice, breaks most usually occur, as I have found by 
many trials, by a sharp straight pull-out of conductors, 
not a slow separation or the flick of a spring. For 
this reason and others, in the course of a long series 
of trials I gave up mechanical breaks as less reliable 
than hand control. I found that two round conductors 
crossed at right angles and separated either by hand 
with a quick turn or by an eccentric motion having 
this effect, gave entirely consistent results that could 
be repeated within 1 per cent at the critical values, 
and that method has been followed consistently for 
some years. The fact that these investigators have 
failed to obtain any difference between direct and alter¬ 
nating current shows that their method was not suitable 
for discriminating between them. For in the demon¬ 
stration (at the meeting) I showed that 0-7 ampere 
direct current gave the same ignition as over 7 amperes 
alternating current, the circuits, voltages and mode of 
break being the same. That there is a distinct (fifference 
in practice between direct- and alternating-current 
working in favour of the latter is borne out by Mr. 
Walker’s remarks, and many experienced colliery 
electrical engineers will agree with him. I l^elieve 
that small low-voltage machines could be installed, as 
he says, in a haulage or pump house, and supply a 
district with light under conditions of safety and shock 
much in advance of anything now in use. A method of 
obtaining frequencies of 160 has now been found which 
makes such a scheme practicable. It is to use an 
induction motor with specially wound poles as a 
frequency changer and tr^former, giving at the 
same time a rise of frequency from, say, 50 to 150 and 
a fall of voltage to any desired value at the slip-rings. 

In reply to Mr. Crowther, I would refer him for full 
particulars on direct-current bells to a paper by Dr. 
Wheeler and myself on ” Bare Wire Signalling.” Alter¬ 
nating-current bells are, I believe, now under investiga¬ 
tion here, 

Mr. Hunt calls attention to the many interesting 
scientific side-lines of this work. There is a great field 
for younger investigators, but it is dif&cult to find the 
combination of physical, chemical and engineering 
experience necessary to obtain results in the time a 
young or post-graduate student has available. For 
example, it is now practically certain that all the 
phenomena of spark ignition arise from the energizing 
of molecules of one of the two combining gases, probably 
in part bo^, by electromagnetic radiation from the 
spark. This introduces the large question of quantum- 
action, and work on these lines leads to interesting 
results, but to find the ultimate physical reason for 
the differences between direct- and alternating-current 
break-sparks, impulsive and condenser discharge-sparks, 
based on detailed experimental research on quantum 
lines is a great and difficult research, and there is more 
pressing work to Jrand in consolidating the advance 
which has been «nade during the last 15 years in the 
iinprovement of electrical conditions underground. 
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46th meeting of THE WIRELESS SECTION. 6 MAY. 1926. 

(Held in the Institution Lecture Theatre.) 

Mr. E. H. Shaughnessy, O.B.E., Chairman of the Mr. L. B. Turner. M.A.. Captain H. J. Round. M.C... 
Section, took the chair at' 6 p.m. and Mr. E. H. Shaughnessy. O.B.E. 

The minutes of the meeting of the Wireless Section A paper by Captain H. J. Round. M.C.. Member., 
held on the 1st April. 1926. were taken as read and and Messrs. T. L. Eckersley. K. Tremellen and F. C. 
were cohfirmed and signed. Lunnon, entitled “ Report pn Measurements made on 

The Chairman announced that the following nomina- Signal Strength at Great Distances during 1922 and' 

t io n s had been made by the Wireless Section Committee 1923 by an Expedition sent to Australia " (see page 933),. 

to fill the vacancies which would occur on the Committee was read and discussed. 

on the 30th September. 1926 On the motion of the Chairman a vote of thanks to 

Chairman : Major B. Binyon. O.B.E.. M.A. the authors was carried with acclamation, and the 

Members of Committee : Mr. P. R. Coursey. B.Sc.. meeting terminated at 7.42 p.m. 


63ed annual general MEETING. 7 MAY. 1926. 
(Held in the Institution Lecture Theatre.) 


Mr. W. B. Woodhouse, President, took the diair 
at 6 p.m. 

The notice convening the meeting was taken as 
read. The minutes of the Ordinary Meeting held on 
the 23rd April, 1926, were also taken as read and were 
confirmed and signed. 

A list of candidates for election and transfer, approved 
by the Council for ballot, was taken as read and was 
ordered to be suspended in the Hall. 

Messrs. G. A. Gardner and A. W. Marshall were 
appointed scrutineers of the ballot for the dection 
and transfer of members and, at the end of the meeting, 
the result of the ballot was declared as follows: 


Elections. 

Associate Members,^ 

Bentiey, John. Hill, Thomas. 

Church, George Henry. Kamm, Leo. 

Davidson. Ward Follett, Lay, Francis Arthur. 

M;.Sc. McDermott, John. 

Duguid, David Robertson. Payn, Harry. 

Gardner, Alfred Charles. Walker. Vernon. 

Green, Ernest Hedley R. Ward. Cyril Alfred. 

Graduates, 

Bagchi,Kamakhija Prasad* Lewis, Llewellyn Brig- 
Bancroft, Herbert Douglas. stocls;^. 

Blake, George Thomas. Magrow, Gordon Emm. 
C ai n , Sidney John. Shepherd, DavM Kennedy. 

Clissold, William Cornelius. Sundar, Padma Mafia, 
Da;vies, Thomas Edward. B.Sc.^ 

Humphreys, Herbert Walker, Jlphn. 

Frederick. 


Students. 

Adney, William Stanley. Kantebet, Shankar Rao,. 
Ashdown, Herbert Arthur, B.A. 

B.Sc.(Eng.). Keens, John Ernest A. 

Beale, Shirley John M. Lambert, Don^ Edward. 
Beney, 'William Harry. Lee, Kent D. 

Birtwistle, Marshall. McLean, Archibald Legget. 

Bothamley, Henry Valen- Morfitt, George Ernest. 

tine. Prior, Frederick Ernest. . 

Clements, Vernon Arthur Prowse, John Albert. 

jj. Ridgeway, John 'Whinfrey. 

Cooke. Edward Maurice. Roberts, Albert Victor. 
Davis, John James. Savage, John Hemy.« 

Drew, Denis Arthur, Scott, James Stevenson. 

B.Sc.(Eng.). Shepherd, C^. 

Drummond, Charles Smith, Edwin Marshall. 

Walter B. Southin, Charles Frederick. 

East, Norman. Stanley, Thomas Edward. 

TT YimuTKis , Frederick Tordoff, William Hum- 
William. phreys. ^ 

Edsall, Eric Arthur M. Tsao, Tsen-Cha. 

Edjvards, Herbert Carlton. Tyack, Francis George. 

Gray, George William E. Verity, Rofiald Meysey. 

Harmer, Leslie Brooke? "White, Thomas Sydney. 

Harvey, Leonard. Wigan, James,William. 

Hebblethwaite, Arthur Wilde, William Norman. 

William. * Willis, Leslie Robert K. 

Herwald, Nehemiah. Winch, Richard Frederick, 

Transfers. 

Associate Member to Member. 

Bridger, William, Hurford, George. 

B.Sc.(Eng.). Leadbeater, James. 

Davies, George Frederick. Parkinson, Frank. 

Hunter, Egerton Baird. * 
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The resolution was steconded by Mr, A* H. Aliens 


'• Graduate to Associate Member, 

Akehurst, Arthur Gerald. Gray, Ronald, M.C? 
Blaquiere, Henry Arnold. Leyland, Arthur James, 
Campbell, John James B., B.Sc.Tecli. 

B.Sc, • Mundy, Sydney George, 

Carter, Arthur. Wales, William Arvon. 

Chatterjee, Sarat Kumar, Wicks, Percy, B.Sc. 

B.Sc. (Eng.). 

Student to Associate Member. 

Butler, Percy, B.Sc. Lee, Herbert Cleave. 

Douglas, John, B.Sc. Turner, Victor Robert. 

Associate to Associate Member. 

Grier, John James, Webber, Wallace James. 

Student to, Graduate. 

Alford, Ferderick Albert H. Newman, Claude. 

Angier, John Ralph T. Redfeam, Charles Herbert. 

Barrow, Lucien Leacock. Rhodes,Arnold, B.Sc.Tech. 
Bygott, Hugh Cecil. Wells, Ewart Henry,Ph.D., 

Dickinson, Richard Heath. M.Sc. 

Gibbs, William Reginald. 

The following lists of donations were taken as read 
and the thanks of the meeting were accorded to the 
donors:— 

Library : Air Ministry; W. Aitken; C. Andry; 
Astronomer Royal; A. Bachellery; Professor F. 
Bacon, M[.A.; F. G. C. Baldwin; Messrs. E. Benn, 
Ltd.; British Engineering Standards Association; 
British Engineers' Association (Incoj^orated); Comit6 
International des Tables Annuelles de Chimie, de 
Physique et de Technologie; General Assembly, Penn¬ 
sylvania ; F. ME. Denton; , F. Deulicke ; Electricity 
Commissioners; Government Inter-Departmental 
Standardization Committee; Sir Robert Hadfield, 
Bart., F.R.S.; K. Hedges ; High Commissioner for 
Canada ; W. S. Ibbetson ; Imperial College of Science 
and Technology; Institution of Engineers, Australia; 
H. M. Lacey; H. I. Lewenz; Librairie Vuibert; 
Library Association; Messrs. P. Lund, Humphries 
& Co., Ltd.; '' Locomotive, Railway Carriage and 

Wagon Review " ; Messrs. Merz and McLellan ; W. M. 
Mordey; J. S, C. Morris (Exor. M. Hughes) ; I. 
Namari; Lieut.-Colonel W. A. J. O'Meara, C.M.G., 
R.E.; Patent OfSce Library; Director of Posts and 
Telegraphs^* India; Chief Electrical Engineer, Public 
Works Department, New Zealand; Messrs. S. Rentell 
& Co., Ltd.; ftoyal Society of Arts; Director, Ro'yal 
Teclmical College, Glasgow; Director, Science Museum ; 
Chief Experimental Officer, Signals Experimental Estab¬ 
lishment, WOolwich; Messrs. E. F. N. Spon, Ltd.; 
C. L. E. Stewart; S. A. Stigant; Syndics of the 
Cambridge University Press; Under-Secretary for 
Mines; University Tutorial Press, Ltd.; and Messrs. 
H. F. & G. Witherby. 

Benevolent Fund : (See list of Donations on page 619.) 
The President, after reviewing the work of the 
session, moved “ That the Annual Report of the 
Council for the year 1924-26 ♦ as presented be received 
and adopted." ^ * 


and comments and suggestions* were made by Mr. 
F. W. Purse, Mr. L. W. PhiUips, Mr. D. G. Hurl- 
batt, and. Mr. P. M. Baker, to which the President 
replied. 

The Report was then unanimously adopted. 

The fTiair was then vacated by the President (who 
had to leave the meeting in order to attend another 
engagement) and taken by Mr. S. Evershed, Vice- 
President. 

The Chairman : I now ^all upon the Honorary 
Treasurer to move a resolution en regard to the State¬ 
ment of Accounts and Balance Sheet.* 

Mr. P. D. Tuckett (Hon. Treasurer) : I am happy 
to be able to congratulate the members on ‘what I 
feel sure they will regard as a very satisfactory state¬ 
ment. It will be seen that in spite of the reduction in 
the subscriptions which came into force on the 
1st January, 1924, the income for the year is only 
£2 094 less than in the previous year. On the other 
side of the Revenue Account the expenditiure shows an 
increase of £1 090, excluding the reserve provisions at 
the foot of the statement. That increase of £1 090 is 
mainly attributable to one or two special itemsr Under 
the heading of “ Institution Building ” there is an 
increase of £900 in the amount of £1 600 reserved for 
Repairs. As you will see from the Balance Sheet that 
we have had to write off £865 against the Repairs 
Suspense Account, whilst the still larger amount of 
£1297 was written off in the previous year, it was 
felt tiiat an annual provision of £600 was hardly ade¬ 
quate and that it would be wise to increase it, at any 
rate for a time, to the larger figure of £1 500. This 
should result in restoring the somewhat depleted 
Repairs Suspense Account and should enable each 
vear^s repairs to be met by a charge against this 
Account, since it is most unlikely that they will on 
the average exceed £1 600. In addition to this increased 
Repairs provision, we have had to incur a very exceptional 
expenditure of £1 616 in providing new boEers, etc.; 
and there are several other small increases, including 
one of £394 in the amount of the Special Grants made 
by the Council. As a set-off against these iuCTeases 
you will be glad to see that we received an additional 
rental of £2 067,from our tenants in this building, 
besides saving £1 093 in the net cost of the Jour^l, 
■ Hianirs to increased sales and advertisements. Sdenee 
Abstracts also, which used to make a substantial call 
on our resources, cost us only £68. It is true that 
this exceeds the previous year’s figure by £41, but I 
think you will agree tiiat it is still quite a moderate 
figure "and • one on which the .Committee responsible 
fOT the publication are entitled to be congratulated. 
Of the special items at the foot of the Account, it 
will be seen that this year only £3 600 has been earned 
to the Reserve Fund for contingencies and mortgage 
redemption, as against £4 600 a year ago, whilst £1 310 
less has been expended on furniture, fittings and 
apparatus. The balance of £2 926 carried to tiie General 
Fund in the Balance Sheet is thus, only £1 032 smaller 
than the amount parried down a year ago. As stated 
in th.e* Report, Assets taken at tiieir book values, 
• See page 680. 


• See page 571. 
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after deducting the Liabilities, ^ow amount to £133 016, 
an improvement of £7 616 over the corresponding 
figure a year ago. It is gratif 3 dng to have this proof 
of the strong financial position in which the Institution 
now stands, and I believe that the members^have 
every reason to feel satisfied with it and with the 
prospects for the current year, although there is one 
heavy item of expenditure which will adversely affect 
this year's Accounts, and that is the re-wiring of this 
building. It has been found that the wiring is worn 
out, and the Council have decided that it must be 
renewed at ah estimated cost of about £3 000. In 
addition, this is the year of the quinquennial valuation 
for rating purposes, and the chances are that our rates 
will be substantially increased. So that although I do 
not anticipate any marked reduction in the amount of 
the balance which we shall be able to carry to the 
General Fund at the end of the year, I doubt whether 
it will exceed the balance shown this year, and it is 
quite possible that it may fee somewhat smaller, With 
these few* remarlcs I beg to move : '' That the Statement ; 


of Accounts and the Balance Sheet for the year ended 
31st pecember, 1924, as presented be received aad 
adopted." 

The resolution was seconded hy Mr. J. E. Kingsbury 
and after the Chairman had replied to comments by 
Mr. D, G. Hurlbatt, Mr; F. W. Purse and Mr. 
E. W. Moss, was unanimously adopted. 

The following resolution, moved by Mr. LI. B. 
Atkinson and seconded by Mr. P. M. Baker, was 
carried with acclamation : " That the best thanks of 
the Institution be accorded to the following officers 
for their valuable services during the past year: 
(a) The Hon. Secretaries of the Local Centres and 
Local Hon. Secretaries abroad, and (b) the Hon. 
Treasurer (Mr. P, D. Tuckett)." 

Mr. A. F. Harmer then moved " That Messrs. Allen, 
Attfield & Co., be appointed Auditors for the year 
1925-26." 

The resolution was seconded by Mr. W. Naim and 
carried unanimously. 

The meeting terminated at 6.66 p.m. 


47th meeting of THE WIRELESS SECTION, 3 JUNE, 1925. 
(Held in the Institution Lecture Theatre.) 


Admiral of the Fleet Sir H. B. Jackson, R.N., 
O.C.B., K.G.V.Ol, F,R.S., took the chair at 6 p.m. 
in the absence of Mr. E. H. Shaughnessy, O.B.E., 
Chairman of the Section. 

The minutes of the meeting of the Wireless Section 
held on the 6th May, 1926, were taken as read and 
were confirmed and signed. 

The Chairman reported that, no other nominations 
having been received to fill the vacancies which would 
occur on the Committee on the 30th September, 


1926, the Committee's nominees* had been duly 
elected. 

A paper by Dr. R. L. Smith-Rose, M.Sc., Member, en¬ 
titled The Effect of Wave Damping in Radio Direction- 
Finding" (see page 923), was read and discusssd. 

On the motion of the Chairman a hearty vote of 
thanks was accorded to the author, and the meeting 
terminated at 7.26 p.m. 

* See Proceedings of the meeting of the Wireless Section held on the 
6th May, 1926 (page 1041). 
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List of Members, 

A new List of Members (corrected to the 1st September, 
1926) is in preparation and members wishing to receive 
a copy should apply to the Secretary. 

International Conference on E,H.T. Lines, 

It is proposed, subject to there being a sufficient 
demand, to publish an English edition (in two volumes 
of about 1 100 pages each) of the papers read at the 
International Conference on E.H.T. Lines held in Paris 
from the 16th to the 26th June, 1926. The volumes 
will also contain a report of the discussions. 

If the demand reaches 400 copies, the price will be 
£4 for the two volumes, but in the event of 800 copies 
being subscribed for, the price will be £2 10s. 

In order that an early decision may be arrived at as 
to whether to publish an English edition, those wishing 
to subscribe for copies are requested to inform without 
delay 

Monsieur Tribot Laspidre, 

Union des Syndicats de rfilectricit6, 

26, Boulevard Malesherbes, 

Paris, 

of the number of copies they will require. 

A French edition of the papers and discussions will 
also be published, provided not less than 1 000 sets are 
subscribed for. The price will be 200 francs per set, 
but after the 1st November, 1926, the price will be 
increased to 260 francs. Orders for the French edition 
should also be sent to M. Tribot Laspidre at the address 
given above. 

The Benevolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions received during the period 26 August- 
26 Septeinber, 1926:— 

« 

Anonymous 

Baker, A. C. (Birnoingham) ,. 

Bentley, J. C. (Manchester) .. 

Brown, William (Leeds) 

Conly, W. P. (Birmingham) .. ... 

Gazaid, W. A. (Birmingham).. 

Glen, J. B. £North Shields) .. 

Haley, W. E. (Shipley) 

Hamilton, C. (Shanghai) 

Hunter, E. I. (Manchester) .. 

Irish Centre •. .. .. * .. 

Jackson, F. S'. (Halifax) 

Leigh, J. H. (Manchester) 

McKinnon, E. C. (Stockport) . f 

Moscrip, W. R. (London) 

Porte, F. C. (Cork) 

Re 3 molds, E. A. (Binningham) 

Roberts, A, J. (London) 

Stewart, A. (Teddington) 

Ward, W. (Hull) . 

♦ Annual, subscriptions. 


£ s. d. 
1 0 
10 6* 
6 0 
10 0 
2 6 * 
6 0* 
6 0 
6 0 
6 J) 

2 6 
3 11 0 
16 6 
6 0 
110 
6 0 
1 10 
6 0* 
6 0 
110 
6 0 


Accessions to the Reference Library. 
Lebbau, P. Fours 61ectriques et chimie. Publi6 sous 
la direction de P.L., avec la collaboration de C. 
Bedel, A. Damiens, P. Fleury, P. Jolibois, M. Picon, 
G. Ribaud, H. Weiss. 8vo. 696 pp. Paris, 1924 
Ledoxix-Lebard, R., and Dauvillier, A. La physique 
des rayons X. 8vo. 448 pp. Paris, 1921 

Leupp, F. E. George Westinghouse: his life and 
achievements. 8vo.'' ;513pp. London, 1919 

Library AssoaAXiON. The subject index to periodi¬ 
cals. 1921. K. Science and technology. 

la. 4to. 261pp. London, 

Luckiesh, M. Lighting fixtures and lighting effects. 

8vo. 343 pp. NewYorh,\^^^ 
Magnusson, C. E. Alternating currents. 2nd ed. 

8vo. 674 pp. New York, 1921 

-, Kalin, A., and Tolmie, J. R. Electric transients. 

8vo. 201 pp. New York, 1922 


Maycock, W. P. Electric wiring tables. 4th ed., 
.entirely revised by F. C. Raphael. 

16mo. 102 pp. Londcw, 1923 
Millikan, R. A. The electron. Its isolation and 
measurement and the determination of some of its 
properties, [2nd ed.] sm. 8vo. Chicago, [1924] 
Mines Department. Explosion at the Hartley oBank 
Colliery, Netherton, Yorks. Report on the causes 
and circumstances attending the explosion which 
occurred • . . on the 23rd May, 1924, by H. Walker. 

8vo. 12 pp. London, 1926 
Mordey, W. M. Some new effects of alternating 
magnetism. (From Proc. Roy. Inst., vol. 24, pt. 1). 

8vo. 12 pp. \LondorC\, 1923 
Morecroft, j. H., and Hehre, F. W. Electrical 
circuits and machinery, vol. 1, 2. (1, C.c.; 2, 

8vo. New York, 1923—24 

Vol. 1 has tuu Continuous current circuits and machinery. 

Morse, A. H. Radio: beam and broadcast. Its story 
and patents. 8vo. 192 pp. London, 1926 

Moyer, J. A., and Wostrel, J. F. Practical radio,, 
including the testing of radio sets. 

sm. 8vo. 266 pp. New York, 1924 
Namari, I. The electrolytic separation of magnesium 
from magnesia. la. 8vo. 169 pp. Sakai, 1924 
Narayan, S. Hydro-electric installations of India. 

8vo. 312 pp. Gwalior, 1922 

Nobili, D. Gli strumenti per misure elettriche indus- 
triali. sm. 8yo. 601 pp. Milano, 1916 

Norway. A technical and economic snrvey of the 
supply of electricity for pul?lic utility purposes in 
Norway, 1921-22. Prepared by the Director of the 
Dept, of Electricity. 8vo. 36 pp. Oslo, 1924 
Ontario, Province, The Lightning Rod Act. Rules ^d 
regulatioi^ prescribed thereund^. Standardiza¬ 

tion of equipment and methods of installation. 

sm. 8vo. 71 pp. Toronto, 1922 

Painton, E. T, Mechanical design of overhead electrical 
transmission lines. 8vo. 28gpp. London, 

Palmer, T. F. A technical dictionary in Enghsh, 
Spanish & P<?i^nguese. 8vo. 73 pp. London, 1^2% 
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THE USE OF THE CATHODE-RAY TUBE AS A WATTMETER AND PHASE- 
DIFFERENCE MEASURER FOR HIGH-FREQUENCY ELECTRIC 
CURRENTS.* 


By J. A. Fleming, D.Sc., F.R.S., Honoraxy Member. 


Summary. 

This paper contains an account of the manner in which 
a cathode-ray tube can be employed to measure high- 
frequency power, i.e. as a wattmeter, by the delineation and 
measurement of the ellipse formed on a phosphorescent 
screen by a cathode-ray spot, which is oscillated in two 
directions at right angles by the current and voltage of the 
circuit under test. 


Now that the cathode-ray oscillograph with oxide- 
coated b^ot cathode has been made into an instrument 
capable of being operated by a few hundred volts 
furnished by dry cells in place of the troublesome 
electrostatic machine, due to the research department 
of the^ Western Electric Company, it has become a 
valuable appliance for high-frequency measurements. 
The following theorem, which has not previously been 
given, may therefore be found useful in connection with 
the use of the cathode-ray oscillograph as a wattmeter 
for high-frequency circuits. 

In this form of tube the cathode particles are pro¬ 
jected along the tube and pass between two pairs of 
parallel dellecting plates, set with their planes at right 
angles. By giving to one or both of these pairs of 
plates a difference of potential the cathode ray, and 
therefore the green spot on the pliosphorespent screen, 
can be dellected in one or both of two directions which 
are at right angles to each other. 

Suppose one pair of plates connected to the terminals 
of a non-inductive resistance inserted in the circuit 
of a high-frequency current. Then the spot will be 
expanded into a green line perpendicular to the plane 
of the deflecting plates, and this is iue to the motion 
of the catliode spot backwards and forwards with 
sinusoidal motion and amplitude proportional to the 
maximum value of the current. If, then, the other 
pair of plates are similarly connected to the ends of a 
resistance in another circuit in which there is a second 
high-frequency current of the same frequency and with 
a constant difference of phase, the cathode spot will be 
deflected in a direction at right angles to that of the 
other motion, and if the phase difference of the two 
remains constant the resultant motion will be a closed 
curve. By various devices, which it is unnecessary to 
specify, we can give to the cathode spot two sinusoidal 
motions at right angles, and make these motions have 
equal amplitudes and^constant difference of phase, one due 

• The Papers Committee invite written communications {with a vhw to 
publication in the Jownal if approved by the Committee) on ipapers publi^ed 
m the Journal without being read at a meeting. Comnmnicaitions shohld r^ch 
the Secretaxy of the Institution not later than one nftmth after publication of 
the paper to whi<^ they relate. 


(Paper received Of A December, 1924.) 

to the current in a circuit and the other to the potential 
difference causing that current. The form of the closed 
curve then described by the cathode spot, which is an 
ellipse, enables us to find the phase difference of the 
two currents, or of the current and voltage creating the 
two motions. 

Thus if we assume one of the rectangular displace¬ 
ments to be expressed by the equation x ^ A sin oit 
and the other by 2 / = -4. sin (mi + d), where A is the 
amplitude and 6 the phase difference, it is easy to see 
that by the elimination of the time variable cot we have 
the equation to the path of the cathode spot on the 
screen, which is 

2xy cos 6 — A^ sin^ 0 

This is the equation to an ellipse which is circumscribed 
by a square of side 2A and semi-diagonal OD ^ A's/2, 
The major axis of this ellipse coincides in direction 
with the diagonal of the circumscribing square (see 
Figure). 



To find the lengths of the semi-axes,'"maj or (a) and 
minor (b), put a? = y and 2 — a in the above equation, 
and we obtain 

a = {A'\/2) cos (|0) ^ 

To obtain b, put = — a; and x^/2 = b, and then 
b = (AV2) sin (id) 


Accordingly b/a = tan (id) and 0 = 2 arc tan (b/a). 
Hence if the cathode spot is actuated by twob sinusoidal 
motions at right angles to each other which have equal 
amplitadLe and phase difference 0, the cathode spot 
will delineate an ellipse and this curve can be photo¬ 
graphed or drawn with the camera lucida from the 
green-line curve seen on the phosphorescent screen. 


I.E.E. Journal, Yol? 63, No. *347, November 1926. 69 
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To find the phase difference 0, all we have to do is 
to determine and draw the major and minor axes of this 
ellipse. 

On the minor axis BB^ describe an isosceles triangle 
BAB' with its apex at .the extremity A of the major 
axis. Then the angle BAB' (= 6) is the phase differ¬ 
ence of the two periodic motions. If F is one of the 
foci of this ellipse, then, if OF =/, we know that 
a2 - 62 =/a, and hence that f cos 0. But 

A^/2 is the length of the semi-diagonal OD of the 
circumscribing square, and hence the power factor, 
cos 0, is equal to (OF)^/(OD)^, 


If then we have the^ath of the cathode spot drawn 
or photographed we can easilyrfind the foci of this 
ellipse and draw the circumscribing square, thereby 
finding 6 and cos 6 as above explained. 

Assuming that one motion of the cathode spot is 
due to a high-frequency alternating current and the 
other rectangular motion to the voltage producing that 
current, we can thus find the phase difference and 
therefore the power taken up in the circuit. The 
cathode-ray tube thus becomes a high-frequency watt¬ 
meter much more easy to mangi.ge than any electrostatic 
form of wattmeter of the Kelvin^quadrant type. 


THE CATHODE-RAY OSCILLOGRAPH.^^ 

By A. B. Wood, D.Sc. 

{Paper received 11 ih September, 1924.) 


Summary. 

The paper draws attention to three commercial forms of 
cathode-ray oscillograph which may be employed in the 
study of very high-frequency alternating or impulsive 
electrical phenomena. 

The behaviour of a stream of cathode rays in electrostatic 
and magnetic fields is first dealt with, and the penetrating 
power of cathode rays through matter is considered in 
relation to the velocity of the rays. Making use of this 
fundamental information, simple relations are obtained 
expressing the current and voltage sensitivities of cathode- 
ray oscillographs, the important features to be observed in 
the design of these instruments being' indicated. The 
question of photographic sensitivity is also discussed, and 
calculations are made of the relative photographic effects 
produced by cathode ra 3 ^ of different velocities. It is shown 
that ordinary photographic plates or films are, in general, 
unsuitable for recording by means of low-velocity cathode 
rays. For this purpose a certain type of plate known as 
the Schumann plate, which is very rich in silver bromide 
relative to gelatine, is recommended for recording at very 
high speeds. 

The pru^cipal features of three oscillographs, viz. the 
Dufour, the Weiptem Electric and the author’s, are described 
and a comparison is made of their relative advantages. ^ 

A few of the fiumerous applications of cathode-ray oscillo¬ 
graphs are indicated, and a numbet’ of records made by each 
of the* three^types are reproduced in illustration. 


I. iNTRQDUCXIOlf. 

'he cathode-ray oscillograph, a recent development f 
Braun tube, is rapidly becoming a necessity in 
branches of physics and electrical engineering. 
During the past few years this form of oscillograph 

* The Papers Committee invite written communications (with a view to 
■* ation m the Journal if approved hy the Committee) on papers pubHshed 
Journal without being read at a meeting. Communuations should teafih 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


has emerged from the experimental stage and the 
commercial forms now produced may be looked upon 
as reliable laboratory instruments. For low-frequency 
alternating-current work the Duddell and Einthoven 
b^es of oscillograph fulfil a very useful purpose, but 
they fail entirely at very high frequencies (10 000 periods 
per sec. and upwards). Even at frequencies above 
1 000 these oscillographs require the use of troublesome 
correction factors involving the relation between the 
natural period of the moving element and the impressed 
frequency. 

The cathode-ray oscillograph, on the other hand, is 
equally sensitive at all frequencies from zero to the 
highest frequency of oscillation which is conceivable 
in an electrical circuit; for the cathode ray is, after all, 
an electron in motion and can therefore execute any 
oscillation which can be performed by other electrons 
oscillating in electrical circuits. On general grounds, 
therefore, it would seem reasonable to suppose that 
the cathode-ray oscillograph must ultimately supersede 
any other form of oscillograph which involves a moving 
element having inertia, like the mirror and strip of the 
Duddell galvanometer, or the fibre of the Einthoven 
instrument. 

It is the object of this pap§r to draw attention to 
this new form of oscillograph which has already proved 
its worth in recording oscillations of the order 10^ periods 
per sec. and in recording impulsive phenomena of 
extremely short duration. It is proposed also to deal 
with some of the fundamental features of the design 
of such oscillographs and to refer in particular to three 
types at present in use. 

II. SoMB Properties of CJathode Rays. 

The method^ (5f producing a beam of cathode rays 
in a highly eva&uated tube are dealt with in most 
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lextl)Ooks of electricity and require little more , than a 
brief mention here. ‘These rays consist essentially of 
electrons accelerated in a vacnnm tube by application 
of suitable potentials, the velocity of the rays being a 
simple function of the potential difference ap^ed, 
'rhe electrons may be produced by collision with the 
molecules of gas in the tube or, alternatively, by means 
of a heated filament. In the latter case, which is 
genc‘rally employed in practice, the tube may be very 
highly evacuated and low voltages employed to 
;uxt»U‘nite the olectrons«* In the former case, where 
ions are produced by Collision, a trace of gas is left in 
the vacuum tube and high voltages must be employed 
to excite a cathode stream of sufficient intensity. On 
geueral grounds it is usually considered preferable to 
employ a hot filament cathode, the alternative method, 
ust*d in the original Braun tube, being somewhat 
uureiiablo and fickle. Before dealing with the design 
of cathode-ray oscillographs,, it is essential to exannne 
llu‘ behaviour of cathode rays in electrostatic and 
ekH‘.tromagnetic fields. and to obtain an idea of the 
iiludographic action of rays of different speeds. 

hd Churee, mass and velocity of cathode rays, 
'I'lui i-iiftssical experiments of Sir J. ]. “ 

aelrrmiirinK the values of e, e/w, and e 
rav» * iirc well known. As we ate only concerned here 
with the actual values of these quantises, ^hj^ 
n f, r merely to the results of the latest detenmnations 
by mmStacd ,nottoa».t Th. v»l«» “T 

In: accepted as reliable :— 

P - I'Sfl X 10-2® electromagnetic unite. 

1-772 X 10’ electromagnetic umte (for 
low-velocity rays). 

whence m 1 »““’ gramme approximately. 

Tte .»»» o( . o«tl.ode 

S’"- 1 «-«“ ““ 

relation between them 


plates the rays have been deflected a distance 
me line OX and are travelling along a path inchned a 

an angle a to this line. j „ 5 t= 

If m is the mass of the cathode particle and e 

charge, then the force displacing 

direction of the Y axis is e(B/ti) and m(^yldi-) = eE{d. 
On integrating we have 

dt nid 


and 

The constants of integration vanish, since dyidt and y 
are both zero when t = 0 . 

■W’riting t = ccjVf "we have 

dy _ ^ 

^ md V 
eB ofi 

and y ^ 2 ? 7 i 5 * ^ 

That is, the rays travel along a parabolic between 
the deflecting plates, the displacement y being at a . 



r. 6-»6 V(Y) X 10 ’ empersecondt 

where V is expressed ^j^ode rays is therefore 

the Wnctic energy of the catnw y 

propurlional to the diall con- 

‘ ih) Deflection tn the beam of cathode 

abler only the simple « between two 

rays passes witix ^ ^ normal to the ^es of 

parallel plates m a this figure Pi?! 

electric force (see lates of length A at a 

lUV represent diflcrence of J! umte is 

distance d apart. the streagi of cathode ra^ 

applied to the plates, ^d ^ parage 

^ t t Tuamov i “ Coaductioii of 

• Sec J; The EleOtron., 


instant proportional to the squme of the distanc 
travelled by the rays from the paraUel 

plates"* = A, point A' displaced a distance y^ 

angle a After iS^-ing the deflecting- 

at right angles to OX Afta^ 

plates the rays frave S ^ ^ displacement 

Ley strike the ^ane S,. 

I being the distance traversed oy mo j 
the deflecting plates; 

tan a = dyidx. where * = A. 

1 dy eE t cE X 


tan a = ^ « md 

_ e^A^ e^Al * 

whence — 2,mdi^ '^di^ 


( 2 ) 


i.e, 


m ir » 

i. of «.!.«• 

cathode-ray osdllograp —-Here again wo 

(,) thl otroom 

ghall deal only with ^ angles 

. of cathode rays travels along pa 
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to the lines of magnetic force. The deflection produced 
Alder these conditions w’iU be at right angles «to the 
path of the rays and to the magnetic held. Thus, in 
Fig. 1, FiPiF 2^2 magnetic lines 

being at right angles to ^ this plane. In this case the 
cathode ray, a charge e moving with velocity v, behaves 
like a current element ev in a magnetic field of 
strength H, The path of the ray is a circle of radius 
of curvature p. The force acting on the ray is Hev, 
and we have therefore 

mi^jp ^ Hev 

or Hp = moje 

In Fig. 1, 


-p- 

for the maximum dejfth of penetration of rays of 
velocity v into a layer of solid matter. In this case 
Vg == 0 and d the maximum thickness of matter 
penetrated. 

Thus t^v^la .(6) 

the maximum thickness t varying directly as the fourth 
power of the velocity of the cathode rays and approxi¬ 
mately inversely as ike density of the absorbing layer. 

In Equation (1) above, it is shown that the velocity 
of the cathode rays is proportional to the square root 
of the accelerating voltage V^; ^ hence we may write 
Equation (6) in the form 

t =. kV^/a ..... (6) 


i.e. 


2py^ sss (approximately for a circular path} 


or at any point on the path of the ray 

eH^ ^ dy eH 
y == -—and — == —a? 

2mv dx mv 

At the point A', where re = A and y = y^^ when the 
rays leave the magnetic field 


eH xo , . dy eH^ , , 

y-i = —A*® and tan a = -r = —(when ; 
2mv dx mv 


Hence 


i.e. 


I tan a + 
bHXI ^ cH ^2 
mv 2mv ^ 

h = H—\{1 + iX) 

mv , 


which is another fundamental relation for oscillograph 
design. 

(^2) Penetrating power ,—^Lenard (Wied Annalen, 1896) 
showed that for fast-moving cathode rays the extent 
of absorption in different substances is roughly pro¬ 
portional to the density. The penetrating power of 
the Cathode ray varies very greatly with its speed. 
The highest-speed rays (10^® cm per sec.) can only 
penetrate 2 or 3 mm of air at normal temperature and 
pressure. 

•It has been shown theoretically by Sir J. J. Thomson, 
and confirmed experimentally by Whiddington * and 
others, t that the loss of velocity of cathode rays in 
passing threugh matter is expressed by the relation 


# 


n 


I J — ad 


T4) 


i.e. the thickness of layer penetrated is proportional 
to the square of the voltage generating the cathode rays. 

III. Voltage, Current and Photographic Sensi¬ 
tivity OF Cathode-Ray Oscillographs. 

By making use of the fundamental relations (1) to 
(6) obtained in Section II, w^e are enabled to design a 
cathode-ray oscillograph to fulfil any desired conditions 
of voltage, current or photographic sensitivity. 

{a) Voltage sensitivity ,—It will be seen, from con¬ 
sideration of Equation (2) ?ibove,that the final deflection 
h of a beam of cathode rays after passing through an 
electrostatic field of strength Ejd and lengtlp A is 
directly proportional to the potential difference E 
applied to the. deflecting plates, inversely proportional 
to and directly proportional to a constant involving 
the dimensions of the deflecting plates. The value of 
h given by Equation (2) may be considerably simplified 
if we introduce the actual values of some of the con¬ 
stants involved. Thus we may substitute for v the 
value given in Equation (1), viz. V == 6*96V(1^) X lO'^cm 
per sec., and for e/m the constant 1*772 x 10^ electro¬ 
magnetic units or 5*316 X 10^^ electrostatic units. 
In this manner the expression for h reduces to 

0*50 J^if/Fcm 

where E the potential difference across the deflecting 
plates, and V the potential difference generating the 
cathode raj^s, are both expressed in volts; and 
K = (A/d) {I -|- |A)ii the voltage constant of the oscillo¬ 
graph, depends on the dimensions of the oscillograph. 

The voltage sensitivity of the oscillograph is therefore 
given by 

— cm per volt or — volts per cm . (7) 


where v^ is the velocity with wfcch the rays impinge 
on the absorbing layer, and v^ is the velocity of 
emergence after passing through a thickness d; a is a 
constant depending on the densit/ of the absorber 
(e.g. Whiddington gives a as equal to 2 X 10^® for air, 
732 X 10^® for aluminium, 2 640 X 10^® for gold, whilst 
Terrill states that a = 6*06 X lO^^p^ where p is the 
density of the material). 

The above relation (4) gives us a simple expression 


* R. Whidpingtok: Proceedings,of ihfi Royal Society^ A, 1911-12, vol. 86 
p. 370. i 

«J" J^SoHo^aA^»: ibid,. A, 1923, vol. 104, p. 236; and H. M. TaRRiLL: 
PAysi^Rw««B»,1923,vol.22,p.ldl. * 


This expression holds good for any design of cathode- 
ray oscillograph using parallel defledting plates. It 
will be seen that the sensitivity (expressed in cm per 
volt) can be increased by (a) decreasing F, the voltage 
generating thp rays, or (6) ihcreasing K, the oscillo¬ 
graph “ voltage constant.. 

K can be increased by increasing I and A (the length 
of the plates) or by decreasing d (the distance apart 
of the plates). There are, of course, practical limits to 
the oscillograph constant. 

For 'example, fig one of the oscillographs used by 
the author, A = 8 cm, d = 1 cm, and Z = 16 cm 

A - ^ ^ 
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approximately; i.e. 1? “ 160? whence h = 80/F cm 
per volt, or the sensitivity expressed in volts per cm 
deflection is equal to F/80. For a voltage F = 3 000 
generating the cathode rays the sensitivity is 37-5 
volts per cm, which is in good agreement with^that 
actually observed. With an accelerating voltage of 
only 300 volts the sensitivit}^ would be increased ten¬ 
fold, i.e. to 3* 75 volts per cm. It is evident from (7) 
above that by suitably choosing (a) the voltage F pro¬ 
ducing the cathode rays, and (i)) the dimensions of the 
deflecting plates and tj|j.e distance frdm the screen, a 
very wide range of voltage sensitivity can be obtained. 
Under certain circumstances, to which we shall refer 
later, the minimum value of F is limited, in which 
case increased sensitiveness can be obtained only by 
method (&). 

(b) Current sensitivity ,—^The effect of a current on 
the cathode stream is of course dependent on the 
magnetic field which it produces. The extent of 
deflection of the cathode rays by a magnetic field is 
indicated by Equation (3) above, where it is shown 
that the deflection obtained is directly proportional to 
the strength of the magnetic field (and hence to the 
currenfj exciting the magnet) and inversely proportional 
to the velocity of the cathode rays. The deflection is 
also proportional to a constant involving the dimen¬ 
sions and distance apart of the magnet poles, and to 
their •distance from the photographic plate or phos¬ 
phorescent screen. 

By substituting the values ejm ^ 1*772 x lO"^ electro¬ 
magnetic units andi) — 5* 95 \/(F) X 10^ cm per sec. in 
Equation (3) we find 

A = 0'298 -^A(Z-|-iA) 

V F 

This expression implies that the magnetic sensitivity of 
the oscillograph is 


or 


3-36VF 


X{1 -|- -JA) 
0*298A(?-h JA) 
VY 


gauss per cm deflection 


cm deflection per gauss field 
strength 


( 8 ) 


It is more convenient, however, to express sensi¬ 
tivity in terms of current strength or ampere-turns! 
Consider a magnet of N turns wound on a laminated 
iron core with a large air-gap * of length d, the length 
of the pole-face being A in the direction of the cathode 
stream. The strength of the magnetic field in the 
air-gap is given by 

H = t where I is the current in amperes. 

10a 


Hence we may write for the deflection of the cathode 
rays • 


0-298^?^,(r-h JA) 


lodvy 


or 


mh 


0-376E:' 


VV 


■m 


where is the " current constant ** * of the oscillograph 
and is^equal to (Xfd) (I -j- JA). The current sensitivity 3f 
the oscillograph is therefore given by 


or 


0 • 376X7 VF cm per ampere-turn 
2* 67 'v/(F)/X' ampere-turns per cm deflection J 


The values of magnetic sensitivity (8) apply to all 
cathode-ray oscillographs, whether the magnetic fields 
are produced by iron-cored magnets with large air-gaps 
or by solenoidal coils with air cores. 

The current sensitivity (measured in cm per ampere- 
turn) is increased by :— 

(а) Decreasing the voltage F generating the rays. 

(б) Increasing K* the current constantof the 

oscillograph. K' can be increased by increasing 
the length A of the magnet or by decreasing 
the gap d, or by increasing the distance I 
• from the magnet to the screen or photographic 

plate. 


For example, in an oscillograph now in use, 
A = 1*8 cm, d = 1-8 cm, I = 16 cm approximately, 
whence K' ^ 16*9. Consequently h = 6* 35/VF cm per 
ampere-turn. With‘a magnet of 700 turns a current 
of 0*03 ampere produces a deflection of 2*6 cm 
approximately when the voltage F accelerating the 
cathode rays is 3 000. The calculated value of h is 


6 • 36 

■ X 700 X 0-03 cm, i.e. 2*44 cm, which is in good 

Y 3 000 

agreement with the observation. 

It will be noticed that the current sensitivity of the 
oscillograph is inversely proportional to \/F, i.e. to v, 
or to the momentum of the rays; whereas the voltage 
sensitivity was shown to vary inversely as F, i.e. as 
or as the kinetic energy of the rays. 

(c) Photographic sensitivity ,—It is well known, that 
cathode rays when they fall on a screen of phosphorescent 
material, e.g. willemite or calcium tungstate, produce 
visible luminous effects. In a similar manner ^when 
these rays strike the emulsion of a sensitive photo¬ 
graphic plate a blackening effect (after development) 
is produced. These phosphorescent and photographic 
effects depend, as one would anticipate, on the velocity 
of the cathode rays. The higher the velocity of ^lie 
rays the greater is the energy available and the greater 
is their power of penetration into the phosphorescent 
material or the photographic film. It wfte shown in 
Sgction 11(d) that the maximum deptJi of penetration 
toio. cathode ray into a layer of matter is proportional 
to the fourth power ^f its,velocity v (i.e. to the square 
of the exciting voltage F) and approximately inversely 
as the density of the absorbing layer. Thus t = ‘iAja cm, 
where a is a c<s^stant depentjing on the absorbing 
material. 

The ordinary photographic film consists bf an 
emulsion of silver bromide ih gelatine. When cathode 
rays fall on such a layer their energy is rapidly absorbed 
by numerous collisions with tlie molecules of gelatine 
and silver bromide. The value of the constant a in 


• The reluctance of the air-gac is here considered be very larijh compared 
with that of the iron^ cirouit. The same line of a^ument applies also to any 
air-core .solenoid used to'deflect the cathode rays. 


U ♦ It should be observed that, the osdtlograph constants K and refer to 
voltage and current deflections respectively; they ye entirely independent 
' constants. 
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this case is estimated to be 10^® for an ordinary 
gelatine emulsion plate (A = 2*0) whence ^ 

^ X 10“^^ cm approximately. 

Combining this with Equation (1), which gives the 
velocity v in terms of generating voltage Y, 

« = 1*261^ X 10”^^ cm approximately, 

giving the thickness t in cm which cathode rays of 
any voltage V can penetrate into a photographic film. 

Now the thickness of the film on an ordinary photo¬ 
graphic plate is approximately 10“"® cm; hence we 
can calculate the percentage depth of penetration of 
rays of different velocities into this film. 


V, in volts 

t, in cm 

Percentage thickness of film 
penetrated 

30 000 

1 • 1 X 10-3 

100 (complete 



. penetration) 

3 000 

1 • 1 X 10-® 

1 

300 

1-1 X 10-’ 

0*01 


It will be seen from the table that high-velocity 
cathode rays (30 000 volts) can penetrate completely 
an ordinary photographic layer, and may therefore be 
expected to have a very efficient photographic action. 
Lower-velocity (e.g. 3 000 volts) rays, however, can 
only penetrate a very small depth, 1 per cent of the 
film, the photographic effect in this case being super¬ 
ficial only, since the rays never reach the lower layers 
of sensitive silver-bromide granules. As the velocity is 
still further diminished, e.g. with 300-volt rays, the 
depth of penetration is practically zero and the photo¬ 
graphic effect is negligible in comparison with that of 
the higher-velocity rays. 

In a previous paper by the author * methods of 
increasing photographic sensitivity were described. 
The first of these methods consists in increasing the 
proportion of silver bromide to gelatine in the emulsion. 
Thus in the emulsion of an ordinary gelatine plate the 
relative proportion of silver bromide to gelatine’ is 
aiJI>roximately 0*88 by weight and 0*174 by volume, 
whereas in a special form of Schumann plate made by 
Hilgers the proportion is 90 by weight and 18*2 by 
volume, t TShat is, for equal volumes of the film in 
Schumann and •ordinary gelatine plates, the former 
contains 100 tim^s as much silver bromide as the latt&. 
The density of the film is thereby increased 3 times, 
but the chance of collision between cathode particles 
and AgBr mdlecules is increased 100 times. On these 
grounds, therefore, it .would seem j^robable that the 
photographic effect produced by low-velocity cathode 
X9>ys (ie. rays which do not completely penetrate the 
film) is about 33 times greater in the Schumann plate 
than in an»oxdinary plate. Using these plates, good 
photographic effects have been obtained with rays of a 
velocity as low as that corresponding to 1 000 volts; 

* ProcuMf^s of the Physieel Society c/Xxm4on, vol. 86, p. 109. 

11 amind^bted to Mr. A. G. Milfigan, B.Sc^ |or the careful detemioatipa Qi * 
. these q^uantities. ** 


below this velocity, however, the photographic effects 
are relatively feeble. ^ 

The second method of increasing photographic 
sensitivity^ employs an admixture of phosphorescent 
matqfial (e.g. calcium tungstate) with the photographic 
emulsion, or the use of a thin layer deposited on the 
emulsion.* The photographic effect is now due to 
two causes: (1) The direct effect of the cathode rays, 
and (2) the indirect luminous effect of the phospho¬ 
rescent material in close contact with the sensitive 
granules. 

The two methods just mentioned of increasing photo¬ 
graphic sensitivity have proved very successful in 
practice and have considerably extended the possi¬ 
bilities of the low-voltage t 3 rpe of cathode oscillograph. 
In spite of such improvements, however, it must be 
realized that with diminishing velocity of cathode rays 
the photographic difficulties rapidly increase. 

IV. Recent Commercial Forms of Cathode-Ray 
Oscillograph. 

At the present time there are three distinct types of 
cathode-ray oscillograph which may be regarded as 
having reached the commercial stage, i.e. the ^age at 
which they are conveniently reproducible and are 
likely to prove serviceable instruments in physical and 
elecixical engineering laboratories. The first of these 
oscillographs is the high-voltage type design^ by 
Monsieur A. Dufour t and operating at 60 000 volts or 
thereabouts. The second type is one originaUy pro¬ 
posed by Sir J. J. Thomson and developed to its present 
commercial form by the author. | This oscillograph 
operates on a voltage of the order of 3 000 volts. The 
third "type, due to the Western Electric Co.,§ operates 
on 300 volts, J3ut unlike the other oscillographs just 
mentioned can only be used for visual observations, no 
provision being made for photo^aphy.|| 

All these oscillographs employ the fundamental 
principles of the Braun tube, comprising essentially 
an evacuated vessel with means for producing a narrow 
pencil of cathode rays, electrostatic deflecting plates, 
magnetic field, and phosphorescent screen. In the 
Dufour oscillograph and that designed by the author, 
provision is made for a number of photographic plates 
in the vacuum chflimber, and special circuits (electro¬ 
magnetic and electrostatic) are employed to traverse 
the spot at known speeds across the plate. 

{a) High'VoUage oscillograph, —^This instrument has 
been brought to a high degree of efficiency by Monsieur 
A. Dufour. A diagrammatic view Tf of his oscillograph 
is shown in Fig. 2. As in the original form of Braun 
tube, the cathode rays are produced in a soft vacuum, a 
voltage of 60 000 being employed to accelerate the nega¬ 
tive electrons initiall 3 >^ in the tube and to produce others 
by collision. The cathode is a concave disc of aluminium 
e.*' The begm of cathode i^ys is reduced to a fine 

• In the latter case the phfisphorescent material is washed ofl on development 
of the plate. 

I* A. Dufour : VOnde ElectriquCf 022, vol. 1, pp. 688 and 699, and 1923,. 
A.%. Wood ; Proceedings of the Physical Soci^y. of London^ 1923, vol, 86,- 

p. 109. 

§ J. B. Johnson: OpHccd Society of America, 1922, vol. 6, p. 701. 
j] Reference isi made hereto the recording oi a wave-form or impulsive effect, 
in a ^gle traverse of th^\^te. ( 

Tf from Pvfow’s paper, loc, cit. 
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pencil of rays by means of diaphragm '' f ** which, 
connected to the metal body of the oscillograph, forms 
the anode. Outside the tube, near v/’ suitable 
electrostatic deflecting plates and electromagnets are 
arranged in accordance with experimenlial require¬ 
ments. After passing through these electrostatic and 
magnetic fields the cathode rays enter the camera 
chamber a " where they strike the cylindrical photo¬ 
graphic film g ” or the glass plates h.” When a 
film is used the cylindrical drum supporting it can be 
rotated by means of an external magnetic device “ p 
controlling the spindly n through the glass cap " o.*' 



In this case a time scale can be optically recorded on 
the edge of the fiJm by way of the window '' s ” and 
totally reflecting prism ** t.*' The side " b ” of the 
camera chamber is removable. A vessel " k ” con¬ 
taining P2O5 is fitted inside the camera to absorb 
water vapour, which is emitted in the vacuum from 
the gelatine emulsion of 4iie film or plate. The rotating 
drum and film are only used in low-fi’equency work. 
At very high frequencies the drum is removed and a 
..pile of photographic plates "h^* substituted. The 
cathode rays are ^ in tins case deflected at a known 
speed across the plate by means of an electromagnet 
in which the current is increasing ^at a known rate. 
The speeds of deflection possible by such methods axe 


far greater than any mechanical speeds conceivable 
with ^yie rotating drum. <» 

With this oscillograph Dufour has obtained beautiful 
records of high-frequency alternating-current effects 
and impulsive or transient phenomena. He has 
employed the oscillograph most successfully in recording 
wave-forms of high-frequency wireless oscillations up 
to a frequency of 200 million periods per second, i.e. 
corresponding to a wave-length of 1*6 metres. The 
actual velocity of the cathode-ray spot in making 
such a record is approximately 4 x 10® cm per second. 
It will be realized from this fact that the photographic 
effect of the high-voltage cathode ray is very intense. 

As we have seen in Section III (c), the photographic 
sensitivity of a 60 000-volt oscillograph is very great, 
for the rays attain a sufficiently high velocity to pene¬ 
trate any ordinary photographic film. On the other 
hand, the electrostatic and current sensitivities of this 
type of oscillograph are correspondingly low. Dufour 
does not refer in his paper to the dimensions of the 
electrostatic deflecting plates or the magnet coils, but 
he states that the voltage sensitivity of his oscillograph 
is 100 volts per cm, whilst the current sensitivity is 
10 ampere-turns per cm. Using Equations (7) and (9) 
given above for the voltage and current sensitivity 
respectively, we find that the voltage and current 
constants of his oscillograph are K = 1 200 and 
K' = 68 respectively. These values are of course 
dependent on A, d and I for the electrostatic plates and 
magnetic circuit. In making comparisons of the 
sensitivity, the values of the constants K and K' should 
be talcen as the same in both cases. This point will be 
referred to later under (d ). 

It has already been pointed out that the Dufour 
oscillograph employs a soft vacuum, i.e. the apparatus 
contains sufficient residual gas to permit of production 
of ions by collision. Now the pencil of cathode rays 
as it passes between the deflecting plates ionizes this 
residual gas to some extent, and the space between 
the deflecting plates becomes conducting. If the 
platdg themselves were mcluded inside the vacuum 
chamber this leakage from one plate to the other would 
preclude, or at any rate impair, the use of the oscillo¬ 
graph for the accurate recording of certain types of 
electrostatic voltage effects. Dufour attempts to avoid 
this difficulty by fitting the deflecting plates outsiders 
vacuum tube. The insulation between the plates is in 
this case practically perfect, but the space charge in the 
deflecting chamber is still an objectionable^feature. 

^{b) Medium-voltage oscillograph,^ —^An oscillograph of 
this t3q)e was first proposed by Sir^J. J. Thomson.* 
Since that time the^original apparatus has been con¬ 
siderably modified in design, particularly with a view 
to improving its mechanical construction and robust¬ 
ness and to the ^production of a form of instrument f 
which should be of general service in a laboratory. 
Considerable improvements have also been mad^ in the 
photographic arrangemeints. 

Strictly speaking, it would -be more coifrect to refer 
to ^'h^R form of oscillograph as the low-voltage type, 
for it has been designed to operate on a minimum 

• J. J. Thomson : Enginefrir^, 1910, vol. 107, p. M3; and D, A. Keys 
' Phivoso^icai Magatine, 1921, vol* 42, p. 473. 

t A. B. Wood, loc. cit. 
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it is not probable that an^oscillo^aph can be designed to 
operate on voltages much lower than this. The normal 
voltage of operation of the oscillcJ^aph is 3 000 volts, 
the cathode rays in this case giving excellent photo¬ 
graphic records at high speeds under suitable photo¬ 
graphic conditions. A diagrammatic section of one 
form of this oscillograph is shown in Fig. 3 .* A 
more recent form, mounted in cabinet, is shown in 
Fig. 4 . It will be seen that the oscillograph is of 
very robust construction, consisting almost entirely 
of metal parts fitted together in such a manner that 
any part can easily be removed^amd replaced, or modi¬ 
fied to suit the particular circumstances under which it 
is required. The more important parts of the instru¬ 
ment axe fitted together and rendered airtight by 
means of greased conical joints. Thus it will be seen 
from Fig. 3 that the filament holder, the bulb, the 
deflecting tube, the various pumping connections and 
plugs operating the camera can be taken apart and 
refitted in a few seconds. This feature of the oscillo¬ 
graph is a great convenience in the laboratory. The 
base of the oscillograph is a heavy brass casting con¬ 
taining the camera and supporting the brass cylindrical 
deflecting tube which, in turn, supports the buJLb and 
filament holder. The latter is constructed so that 
the position of the filament in the bulb, i.e. its distance 
from the anode, is adjustable. A burnt-out or defective 
filament can be replaced immediately by unscrewing 
it from the filament holder and fitting a new one— 



Fig, 3. 


to obtain good photographic sensitivity as the voltage 
is reduced. It has been found experimentally by the 
author that ^cathode rays of voltage less than 1 000 are 
very weak photographically, and until improved 
methods of focusing these low-voltage rays, or of 
increasing their penetrating,power,* have been devised 

* For example, by application of high accelerating voltages afUt deflection ^ 
by electrostatic and magnetic fields. 


the same opera^on as fitting a new bulb to a flash-lamp. 
The filament itself ^ a flat spiral of tungsten or lime- 
coated platinum wire heated by a local insulated 4 -volt 
battery and connected to the negative of the 3 000 -volt 
supply. As in the Coolidge X-rayrtube the spiral is 
surrounded by a metal sheath which exerts a focusing 

* These ^cillographs now manufactured by Messrs. H. Tinsley & Co., 
South Norwood. 
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action on the cathode beam. T^ie latter travels towards 
the pinhole tube—^tjro thin metal diaphragms about 
3 in. apart and pierced by small holes about 6 or 
10 mils diameter—this forming part of the anode with 
the metal body of the oscillograph, which is earthe^. 

After leaving the pinhole tube the narrow pencil of 
cathode rays enters the deflecting tube where it passes 
between two pairs of electrostatic deflecting plates, 
mutually at right angles, and the poles of an electro¬ 
magnet. The latter may or may not contain iron in 
the circuit, according to the purposes for which it is 
required. The deflecijLng plates are suitably insulated 
and fixed in position and are connected to terminals 
outside the oscillograph through air-tight fittings 
(glass Cones in Fig. 3 ). 

After leaving the deflecting tube the rays enter the 
camera chamber, where they ultimately strike the 
door of the camera. This door is coated on its upper 
surface with phosphorescent material—calcium tung¬ 
state or willemite—^which can be viewed through a 
window fitted in front of the body of the oscillograph. 
When a photographic record is required the door of 
the camera, and hence the observing screen, are removed 
by turning a conical plug on the side of the instru¬ 
ment. Tliis exposes one of six plates fitted on a 
hexagonal block, which can be turned from outside as 
desired by means of another conical plug (see 
Fig. 5 ). By means of a hinged cover plate, light is 
prevented from entering through the viewing window 
when an exposure is being made. The hexagon with 
its six plates is mounted inside a light-tight casing, 
which can be removed from the oscillograph in broad 
daylight, the plates being subsequently dealt with in a 
dark-room. 

The vacuum can be obtained by means of any of 
the standard high-vacuum pumps at present on the 
market.' With an ordinary Gaede mercury pump, 
and a backing pump (reducing to about 1 mm pres¬ 
sure) the desired vacuum can be obtained in about 
15 minutes, starting at atmospheric pressure. It is 
of course essential, unless vapour pumps are used, 
tliat suitable drying material (e.g, P^Og) be used to 
absorb water vapour. When using the oscillograph it 
is customary to maintain the pump connection, but this 
is not always necessary when a good vacuum has been 
reached and the filament is free from gas. 

It was pointed out in Section III (c) that low-voltage 
cathode xsiys can only penetrate thin films of matter 
(of the order 10® cm) and that special photographic 
plates, Schumann plates • having a large proportion 
of silver granules and a minimum of gelatine, give much 
better results than ^ ordinary gelatine-coated plates 
with a smaller proportion of silver. For high-speed 
records with 3 000 -volt rays Schumann plates have 
proved far superior to ordinary plates. For com¬ 
paratively low-frequen<3^ records (1 000 to 10 000 
periods per sec.), however, Paget half-tone plates f 
have given moderately good restfllts. The lower the 
voltage employed to generate the cathode rays the 
more necessary it becomes to employ Schumann plates. 

As in the Dufour oscillograph, the cathode-ray stream 

♦ ^ 

* Supplied by Hflgers, Ltd., Camden T®wn. ^ 

t These plat^ were rebonunend^d to me by Sir J. J, Thomson. <• 


is traversed across the photographic plate by eiectro- 
static pr electromagnetic methods, the rate of traverse 
depending entirely on the time constant of the con¬ 
denser or inductance circuit respectively. These 
methods, giving an approximately linear time scale, 
have proved satisfactory up tb the very highest speeds 
—far in excess of what is possible by ordinary me¬ 
chanical methods of driving a moving film. At lower 
speeds other methods, as, for example, the rotating 
potentiometer method,* etc., may be employed. By 
such means the time for the cathode spot to cross the 
plate may easily be varied from 1 sec. to 10"”® sec. 

In maldng a photographic record of an alternating- 
current wave-form, e.g. at 10 000 periods per sec., the 
rate of traverse of the spot is previously adjusted by. 
observation of the phosphorescent screen. The pro¬ 
cedure is briefly as follows (see Fig. 6). A steady 
current is passed through winding A of the electro¬ 
magnet and adjusted until the spot is deflected from 
position (1) to position (2) off the left-hand edge of the 
screen.f The alternating voltage, of which the wave¬ 
form is required, is then applied to one pair of electro¬ 
static deflecting plates, thus causing the spot to 
oscillate along a line ( 3 ) at right angles to tlie direction 
of magnetic deflection. On closing the circuit through 
winding B of the magnet, which is more powerful than, 


l/WX/VW 


Fig. 6. 


and in opposition to, winding A, the spot crosses the 
plate from its fiist position (3) on the left to another 
position (4) well away on the right, and, in doing so, 
leaves a trace of the wave-form to be recorded. The 
speed of traverse can be varied by varying the voltage, 
inductance and resistance in the circuit of B winding. 

These operations, illustrated diagrammaticaily in 
Fig. 5, are first carried out visually on the phospho¬ 
rescent screen, the final record being made on the 
photographic plate. For very high speeds of traverse 
it is advantageous to use the two pairs of electrostatic 
deflecting plates, following a procedure on sirdilar 
lines to that just outlined. In this case, of course, 
the traverse of the spot is produced by^the voltage- 
rise across a condenser in series with a resistance. 
The initial deflection of the spot to the left may, as 
before, be obtained by means of the electromagnet or, 
alternatively, by means of a- steady voltage applied 
to the deflecting plates. 

By these methods good records have been obtained 
of very high-speed alternating and impulsive or 
transient electrical effects. Reference will be njade to 
the applications of the oscillograph in a later section of 
the paper. % 

Since tins t5q)e of oscillograph employs a hot cathode 
of tungsten or lime-coated platinum, the vacuum is 


♦ A, B, Wood : Proceedings of the Physical Society of Lon^, loe. cit, 

■* t The spot can still be observed uiider these conditions by coating the body 
of the camera at this place with phosphorescent mate^. 
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haxd and there is no tendency for the cathode stream, 
it passes between the deflecting plates, to jgroduce 
ionization and thereby render the space between the 
deflecting plates conducting. It is this feature which 
makes the oscillograph especially suitable for recording 
electrostatic changes where only small quantities of 
charge are involved. Slight leakage between the 
plates would, under such circumstances, prove fatal to 
the accurate recording of voltage changes. 

(c) Low-voltage oscillograph. —description of this | 
instrument is given in the Physical Review for August 
1923 by J. B. Johnson, and the tube is manufactured 
and supplied by the Western Electric Co. As has 
already been stated, the tube is only suitable for visual 
observations, and cannot therefore be described as an 
oscillograph in the same sense that the description 
applies to the Duddell and Einthoven instruments and 
to the types (a) and {&) of cathode-ray oscillographs 
described above. In these instruments a permanent 
photographic record of a wave-form or of any electrical 
disturbance can be obtained by a single traverse of 
the spot (light or cathode rays) across the photographic 
plate. With the Western Electric instrument, how¬ 
ever, no provision is made for photography other than 
that provided in the original form of Braun tube. 
The Western Electric tube, however, operates on 
a low accelerating voltage, resulting in increased 
sensitivity and in diminished cost of accessory appar¬ 
atus. The high-voltage generator and vacuum pumps 
are not required, for the tube operates on 300 
volts and is evacuated at the works and sealed 
off permanently. The design is extremely simple, the 
filament (thoriated tungsten), pinhole tube anode, and 
two pairs of deflecting plates all being carried on a 
simple mounting at one end of the tube, a phosphorescent 
screen forming the other end. By means of a special 
construction of filament shield and by controlling the 
filament current the beam of cathode xdi.ys is focused 
on the screen. This focusing action is ascribed 
by H. J. van der Bijl and J. B. Johnson to the 
difference in mobility of the positive and negative 
electrons in the residual gas in the tube. Some of 
the cathode rays in passing through the residual gas 
produce ionization. Both the colliding electrons (the 
cathode rays) and the secondary electrons leave the 
beSm, but the heavy positive electrons drift out of 
the beam much more slowly. Consequently the positive 
electrons accumulate in the path of the cathode rays 
and tend tcf pull the negative electrons (the cathode 
rays) inwards, T^th the result that they are brought 
to a focus. "Wlien the filament current is increased, 
the total positive ionization of th^ beam increases, the 
field around the beam becomes stronger, and the 
electrons are l)rought to a focus at a shorter distance. 
The focusing of the beam on the pho;^)horescent screen 
is therefore brought about by control of the filament 
current. The life of the filament is stated by the 
makers to be 200 hours. When a filament is burnt out 
it is necessafy to obtain a‘ complete new tube. 

The Western Electric cathode-ray tube is mainly suit¬ 
able for the examination of alternating-current phe- 
nonaenareproduced on the screen in the form of Lissajous 
figures. The tulje has been used, however, for the * 


visual examination of lyansien? electrical effects,* but 
it is not particularly suitable for this purpose, especially 
if the effects are of very short duration. 

On account of the presence of gas in the tube, the 
oscillograpli is quite unsuited for the examination of 
transient electrostatic effects where a small electro¬ 
static charge varying with time is to be indicated by a 
deflection of the cathode beam. The makers claim 
that the tube may be used in the examination of 
explosion pressures by the aid of a piezo-electric 
crystal, t but this is not the case. For such a purpose it 
is essential that the leakage curf ep.t between the electro¬ 
static deflecting plates be negligible [as is the case with 
types (a) and (6) oscillographs described above]. The 
ionization between the deflecting plates of the Western 
Electric tube is, however, considerable and lealcage 
currents are serious, thus rendering the tube unsuited 
for examination of transient electrostatic effects. In 
cases where the power available is unlimited this 
difficulty of course does not arise. 

The electrostatic and current sensitivity of the low- 
voltage tube are of course very great, but, as we have 
already seen, the photographic sensitivity is corre¬ 
spondingly small. ^ 

Photographs of Lissajous figures or other repetition 
phenomena can be obtained indirectly by means of an 
auxiliary camera focused on the phosphorescent screen. 
Transient or impulsive electrical effects of an irregular 
or non-periodic character cannot be photographed with 
the oscillograph in its present form. 

{d) Comparison of the three types. —It is proposed in 
this Section briefly to summarize the principal features 
of the three types of cathode-ray oscillograph described 
above. For the purpose of comparison we shall con¬ 
sider type {a) to be operated at 30 000 volts, type (Z>) 
at 3 000 volts, and type {c) at 300 volts, although it 
will be clear that in all the types the voltage may be 
varied in practice over a considerable range. 

(i) Electrostatic 'sensitivity. —^This we have seen in 
Section III (a) to be inversely proportional to the 
operating voltage F. Hence if we take the sensitivity 
to be unity in the 30 000-volt instrument, it will be 
10 and 100 in the 3 000- and 300-volt tubes respectively, 
other conditions (i.e. dimensions of tube and deflecting 
plates) remaining the same in the three cases. 

(ii) Magnetic o^ current sensitivity. —In this case 
[see also Section III (6)] we find the sensitivity to be 
inversely proportional to v^F, i.e. the 30 000-, 3 000- 
and 300-volt types have the relative sensitivities 1, 
3-16 and 10 respectively. 

(iii) Photographic sensitivity. —It has been shown 
[see Section III (c)] that the depth of penetration of 
the cathode rays is proportional to the square of the 
operating voltage. Apart from other considerations, 
therefore, it seems reasonable to suppose that the 
photographic action will be d^ermined by F^. Hence 
the relative photographic sensitivities might be expected 
to be roughly proportional to 1, 10—^ and 
respectively for cathode rays of voltages 30 000, 3 000 
and* 300. Unless auxiliary means axe provided { for 

* R. A. Watsoit Watt : Wireless World and Radio Review. 1923, yo]. 12, 

p. 600. » • 

1 1 >. A. Keys loo. cU .^ ^ • 

I For example as indicated in the footnote on page 1052. 
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increasing the photographic action of low-velocity rays, 
it seems improbab^p, therefore, that a cathode-ray 
oscillograph of voltage much lower than 1 000 will be 
forthcoming. 

(iv) General .—^From the point of view of cheapness, 
convenience, and simplicity of operation, the Western 
Electric 300-volt tube is of course in the forefront. 
It is a very useful instrument for laboratory testing 
purposes where rough visual observations are all that 
is required. An oscillograph, to be of real value to 
the engineer and physicist, must, however, be capable 
of giving permanent 'photographic records of high- 
frequency effects, in a manner similar to that in which 
the Duddell and Einthoven instruments are used to 
record' low-frequency phenomena. It is in this important 
feature that the 30 000-volt and 3 000-volt oscillographs 
are so valuable. These oscillographs can record wireless 
frequencies (of the order 10® periods per sec.) in a 
single traverse across the photographic plate. Sensi¬ 
tivity can be increased by means suggested earlier in 
the paper, and it is conlidently anticipated that in this 
particular they can easily be brought to the require- 










( 2 ) 


Fig. 6 (a ).—60 000-volt oscillograph (Dufour). 

(1) Make and break of direct current in inductive circuit. Condenser a(n^3ss 
break. . 

(2) Damped oscillations 160 X IQO frequency (wave-length » 2 metres). 


ment of general practice. When compared with Duddell 
and Einthoven oscillographs, tlie cathode-ray type is 
obviously lacking in one important feature, viz. that of 
a multiple recording system, by means of which voltages 
and current characteristics may be recorded simul¬ 
taneously. The future wiU doubtless provide means of 
generating two or possibly more cathode-ray streams 
falling on the same plate and actuated by voltage 
and current independently. In the meantime, how¬ 
ever, we must make, the most of the very valuable 
instruments at present available for recording frequencies 
and impulsive electrical effects which were a short 
time ago quite outside the range of laboratory 
oscillographs. 


they can be employed over a range of frequency from 
zero to as high as is conceivable in an electrical circuit. 
Dufour has used his high-voltage oscillograph to record 
frequencies varying from zero to 10® periods per second. 
The 3 000-volt oscillograph (using Schumann plates) 


f\j\j\j mmim 

^ ( 1 ) ( 2 ) ( 3 ) 



Fig. 6 (&).—3 000-volt oscillograph (Admiralty Research 
Laboratory). 

(1, 2, 8 and 4) A.C. wave-forms from valve oscillator at frequencies of 1000 
2 000, lO 000 and 6 000 respectively. ... 

(6) Bac^ E.M.F. at break of efreoit containing a large mductance-tune 
scsilo, 8 cm = 0*001 sec. . . 

(6) ‘'Make** of 40 volts. Speed 3 cm 0*001 sec. Illustrating instantaneous 
and dead-beat action of oscillograph. 

(7, 8, 0) Growth and decay of oscillations in a valve circuit, frequency 10 000 
per sec. 

(10) Oscillations in discharge of a condenser through an inductive dreuit. 

(11 and 12) Secondary voltage fluctuations in spark coil, showing make and 
break effects. 

can be used over the same range. It has been used to 
record high-speed impulsive effects, growth and decay 
of oscillations in valve circuits, characteristics of valves, 
impulsive effects in oscillatory circuits containing 
inductance capacity and resistance, dielectric losses, 
and for other purposes too numerous to mention. 



Fig. 6 (c).—300-volt oscillograph (Western 'Electric Co.). 

Lissajoua flguro witlu alternating current (long exposure using ordinary 
camera focused on phosj^orescent screen). 


V. Applications.* 

The applications of cathode-ray oscillographs * are 
almost infinite in number and variety. On account of 
their fundamental property of jPecording faithfully 
any electrical effect whatsoever wthout distortion, 


In Fig. 6 are reproduced a few typical cathode-ray 
oscillograms obtained by the three types of Oscillographs 
described above. 

In conclusion the author desires to express his 
indebtedness to the Admiralty for permission to publish 
this paper. 
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MEASUREMENTS IN ELECTRICAL ENGINEERING BY MEANS OF 

CATHODE RAYS.* 


By Professor J. T. MacGregor-Morris, Member, and R. Mines, B.Sc., Student. 


(Paper first received 22nd September, 1924, and in final form 2Zrd May, 1926.) 


Summary. 

This paper is intended as a survey of the present state of 
knowledge on the subject of the use of cathode rays for 
measurement purposes in electrical engineering, and specially 
with a view to possible future developments. 

Part 1 introduces the subject of measurement methods. 
Section (I) describes vaiious ways in which information on 
physical quantities may be obtained by applying them to 
suitably devised instruments, and in Section (II) is given 
the history of the development of such instruments, with 
special reference to those for studying variable quantities. In 
Section (III) are described various means of producing cathode 
rays and how they came to be applied to measuring instruments. 

Part 2 deals in greater detail with measuring apparatus 
using cathode rays (i.e. an electron jet'') as a " pointer.*' 
Sections (IV) and (V) describe historically the development 
of such apparatus by successive workers in the field, with 
brief references to the purposes for which it was devised. 
Certain special problems arise in the use of such apparatus 
for accurate measurement, and Sections (VI) and (VII) 
indicate how the solution of these problems has been 
tackled. In Section (VIII) the auxiliary apparatus found 
necessary for the study of variable quantities is described. 

Part 3 contains a brief resumd of some of the limitations 
of the methods described in the paper, and indicates some 
possible lines of future development. 

In an Appendix is given an investigation (partly mathe¬ 
matical and partly historical) of certain essential properties 
of the electron jet as used in the instruments described. 
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PART 1. 

e 

INTRODTJCTORy. 

For a period of more than half a century it has been 
known that cathode rays are deflected by a magnetic 
field and also by an electrostatic field; but it was the 
classic work of J. J. Thomson on the electron, published 
in 1897, which showed how reasonable precision could 
be obtained in such measurements. 

This notable work in the realm of pure physics paved 
the way for the application of cathode rays to electrical 
engineering measurements, and since Braun made the 
first practical use of these rays, and H. J. Ryan added 
notably to the subject, there have been aq^ ever- 
increasing number of investigators working at the 
development of the cathode-ray tube and its appli¬ 
cations. Further, the extraordinarily rapid develop¬ 
ment of wireless or high-frequency engineering has 
recently given an even greater impetus to this study. 

During periods of rapid progress such as this it is 
well at times to stand back and make the attempt to 
survey the entire field, so that one may see more 
clearly the directions in which new ground may pro¬ 
fitably be broken, and also determine as far as possible 
the l^tations. 

It is with this object that the preparation of this 
paper has been undertaken, in the hope that it may 
prove of real service to many interested in this subject. 

Part of the material and some of the work recorded 
were collected in connection with a research carried out 
by the authors at East London College for the British 
Electrical and Allied Industries Research Association 
during 1922—23, and they desire to record their thanks 
for permission to make use of it. 

• (I) METHODS OF MEASUREMENT. 

(A) General. 

In the measurement of electrical quantities by direct- 
reading instruments, an essential function of the measur¬ 
ing instrument is to ''convert" the electrical quantity 
into a form perceptible to the physical senses—^usually 
into a mechanical motion, either of parts of the instru¬ 
ment itself, or cbntroUed by it. 

Such motion may take place in one, two or three 
dimensions. 'Qie last-named has scarcely been used: 
one-dimensional or ^linear motion is the commonest 
t 3 rpe* employed: two-dimensional motion has already 
been used to a considerable extent, and it is hoped to 
show in this paper how its application is extended by 
modem developments in instruments. 

It mscy be eithier the displacement or the velocity 
of the moving pointer or indicator of the instrument 
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which furnishes the required measure of the electrical 
quantity. Both are* utilized, but the former is the 
more common. 

(B) Classification of Methods. ^ 

(1) LINEAR DEFLECTIONAL SYSTEMS. 

The usual commercial electrical instruments are of the 
steady-defLection type. These instruments serve to mea¬ 
sure R.M.S. values of periodic quantities (in a.c. work), 
as well as steady values (as in d.c. work). By adaptation 
also, as in the ballistic galvanometer and electro¬ 
meter, they will furfiish information about transient 
phenomena. But for detailed study of transient 
quantities and also of periodic variables it is necessary 
to measure their instantaneous values. 

In Section (II) is described the development of 
instruments that will measure these instantaneous 
values. Such instruments (*^ oscillographs,** etc.), if 
used with hnear deflection like the steady-deflection 
instruments referred to above, furnish a ready means 
of measuring and minimum values of variable 

quantities,* but in general it is necessary to use them 
with a two-dimensional method of recording. 

(2) TWO-DIMENSIONAL SYSTEMS. 

Broadly speaking, the methods of indicating and 
recording variable electrical quantities which utilize the 
two-dimensional principle may be divided into two 
classes; these may best be denoted by the terms 
“ oscillographic *' and cyclographic.** 

{a) Oscillographic method*^ 

The distinguishing feature of the first of these two 
methods is that the second component motion has 
as its sole function the provision of a time scale 
or time co-ordinate, the purpose of this on the 
indication or record being to render possible a study 
of the time-variations of the electrical quantity 
under investigation, as it is reproduced by the 
first component motion. This first component of 
the motion is almost invariably imposed upon the 
indicator of the instrument, as is done in the steady- 
deflection instruments previously referred to. The 
second component of the final relative motion is com¬ 
monly imposed not on the indicator but on the chart 
or recording plate; this componeift is usually a con¬ 
tinuous uniform motion, and may be either linear, in a 
direction perpendicular to the first component, or 
circular, with its centre on the line of action of the 
first component. 

Included in this class are the recording instru¬ 
ments which use a mechanical pen-pointer in con¬ 
junction with a paper chart kept in motion by a 
spring motor; and many types of oscillograph which 
use an optical pointer, for example, in conjunction 
with a moving photogr^hic plate or film. Note that 
in these arrangements only one of the i?wo component 
motions is available for control by the elecjrical 
quantity to be studied; but this does not preclude 
the use of “ double *' and " triple ** instruments, by 

* See Bibliography, 

t In the os^lograph only one of the two component motions (of the indicator 
relative to the recording screen) is under control of an unknojyn variable 
ouantity. The second component moticu has asjtt sole function the intro¬ 
duction of the time co-ordinate on the record. This motion may be applied 
either to the recording screen or to the indicgjtor itself. 


which means simultaneous records of more than one 
such quantity may be superimposed on the same chas?t 
[see Section I, C, 2, (a)]. 

A second method of introducing the, time-scale 
motion is to superimpose this on the indicator itself, 
using a fiDced recording screen or plate ; in instruments, 
with an optical pointer this is frequently done by 
means of a rotating or oscillating mirror (synchronized 
for periodic quantities). In instruments using a ray ** 
or jet ** pointer the control device used for imposing 
the second component motion on the pointer may be 
of the same nature as that used for the first component 
—^in this case, however, we really have a “ cydo- 
graphic instrument ** used for oscillographic work,** but 
this is a popular combination 
(6) Cyclographic method,* 

The second, the cyclographic,** method of measure¬ 
ment utilizing the two-dimensional principle, though 
of more recent development than the first method, is 
perhaps the most potent method available for investiga¬ 
tion of variable quantities as required in modern electrical 
engineering practice. 

The distinguishing feature of this system is that both 
of the component motions (constituting the resultant 
relative motion of indicator and screen or chart) axe 
under the control of variable quantities applied to the 
instrument. The method may be applied in a manner 
similar to the more usual oscillographic arrangement, 
viz. one component motion applied to the indicator 
itself, and the second component applied to the chart 
(in a direction perpendicular to the first). This arrange¬ 
ment is exemplified in mechanical engineering practice 
by the engine indicator and by the autographic recording 
apparatus applied to testing machines. 

The most usual arrangement adopted in the electrical 
cyclograph, however, is a fixed chart or screen, the 
indicator having imposed upon it both of the component 
motions. The two control devices used for applying 
the two component motions to the indicator are usually 
of similar nature, depending, of course, on the kind of 
indicator employed. Thus in an electrified-jet Instru¬ 
ment the control devices may be either magnetic fields 
or electric fields, or one of each. With an optical 
pointer, i.e. a beam of light, as indicator, the control 
devices are usually both oscillating mirrors, arranged to 
produce deflections of the light pointer mutually per¬ 
pendicular. (Examples of the latter method axe the 
arrangements of Puluj t with resonant worldng, and 
D. K. Morris and J. K. Catterson-Smith t with non¬ 
resonant worldng.) 


(C) Two-dimensional Methods Applied to 
Periodic Quantities. "" 

4^ (1) GENERAL. 

One of the chief uses of the oscillogram drawn to 
rectangular co-ordinates is to present a picture of the 
variation of a quantity with time. Thq importance 
of fhifi ^requirement is emphasized by the fact that 
frequently circular and polar oscillograms, and cydo- 

* In the cyclograph each of the two component motions is under the control 
of a variable quantity applied to the instrument. Quite commonly one of 
these quantities is controlled so that it Is a known function of time; thus the, 
cyclogram yidds the same information as an oscillogram, 
t See Bibliography, (3). t (8 
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grams when the second* quantity has a known time 
, relation, are converted by re-plotting into rectangular 

> oscillograms. 

Most forms of cyclograms and superimposed oscillo- 
gram% however, involving more than one unknown 
I quantity (in addition to the time scale if one is used) 
permit the determination of ''derived quantities" 

’ (such as mean and R.M.S. values of P.D. and current 
i energy, power, and power factor; frequency relations) 
by taking suitable measurements from the diagram 
i and making the appropriate calculation on the lines 
j indicated in the following sections.*’ 

I (2) OSCILLOGRAPHIC METHOD. 

{a) With rectangular co-ordinates. 

Suppose that the plane of Fig. 1 represents the re- 

> cording screen of an oscillograph, and that z is its 



: pointer or indicator. Assume also that the axis X'OX 
I is drawn parallel to the motion of z due to the applied 
; electrical quantity, and that the axis OT is the time 
1 axis, being the path traced by z when no electrical 
! quantity is applied to the instrument, 
j Then as the oscillograph is operated by the applied 
i periodic quantity the indicator z moves over the screen 
I and traces out on it a periodic curve; and when the 
I time-scale motion is made to repeat itself and is 
I synchronized with the fundamental frequency of the 
j unknown quantity, the curve repeats, i.e. the indicator 
travels over the same path again and again < 



Some oscillographic instruments, e.g. the electro¬ 
meter of Taylor-Jones,* operate, on a square-law> that- 
is, the deflection a? of the pointer z is proportional to 
the. square, of the periodic quantity at every- instant.- 
Under these circumstances the deflection is never 
negative (see Fig. 2). 

Itjs easy to-^ obtain the R.M.S. value of the* unknown 
quantity from a square-law oscillogram, for the area 
under'the curve fbr a^compBtfe cycle is easily determined 
by plani&ieter, and JMs area, divided by the lehgth of • 
^ * See'J^iblidpaphy, («);. 
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the time axis corresponding ^ to one cycle, gives a 
measure of the ^ean square ** of the quantity. 
Introduce the scale factor and extract the square root, 
and the required value is obtained. 

It is not practicable, however, to use these oscillo¬ 
grams for mean values, or values of energy and power 
(with simultaneous records), primarily because of the 
ambiguity of sign in calculating from the square root 
of the measured deflection. For similar reasons ambi¬ 
guous results follow in the determination of frequency 
relations. Thus with ^ ** true a.c.” unknown quantity 
(i.e. one whose mean value is zero) the lowest frequency 
shown by the oscillogram is double the true fundamental 
frequency. 

However, in the majority of modem oscillographs 
the deflection of the indicator is proportional to the 
first power of the applied quantity (i.e. a linear law). 
In this case the area under the curve, divided by the 
time-period of the quantity as measured on the time 
scale, gives the mean value (arithmetic mean) of the 
quantity. But the efiective value is usually tiie more 
important to determine, and for this the metjiod 



becomes complicated. It is necessary to replot the 
curve, squaring the instantaneous values (in other 
words, to construct a ** square law oscillogram), 
determine the mean of this and extract the square 
root as above described,. Similarly in using super¬ 
imposed oscillograms, to determine the mean power 
involves drawing a graph with ordinates at each point 
equal to the product of the corresponding ordinates of 
the two simultaneous records. T^ie mean value Qf 
this curve is obtained as before, and both scale factors 
must be introduced. Having thus determined the 
effective values of a P.D, and a current in the same 
circuit and! the net power flowing,, the power factor (and 
phase-angle, of sinusoidal quantities) immediately follow. 

Should the two periodic quantities be nearly alike in 
wave-form (as for example when both approximate 
sufi&ciently to the sinusoidal form), their phase difference 
may be determined directly from the record, since the 
scale factor of the time axis is known. From this 
result the power factor is easily calculated. Under 
these same conditions accurate determinatioBS of 
frequency ratios may be made [see Section I, C, (/)],. 

(6) The circulay^oscillograms • 

When it is desired to make the instrument indicator 
re-trace the oscillogram regularly,, thq time-scsde motion 
must be made to repeat. iThis caCh be done with the 


rectilinear motion, by methods to be described in i^art 2 
(Section VIII). But a simpler way is to use a circular 
motion instead—this gives rise to the circular oscillo¬ 
gram. Obviously an integral relation must hold between 
the rotational speed of the circular motion and the 
frequency of the periodic quahtity. 

Alternatively the circular oscillogram may be regarded 
as one constructed upon a base circle as time axis 
instead of a straight line. Thus if the plane of Fig. 3 
represents the screen of the oscillograph and z its 
indicator, the base circle is the path traced by z when 
no deflecting quantity is applied. When the oscillo¬ 
graph is operated by an applied quantity, the path 
traced departs from a circle in some such manner as 
depicted. 

Chubb * and Beliavsky t have shown how to deter¬ 
mine the effective value of a periodic quantity from a 
circular oscillogram, and the power and power factor in 





Fig. 6.—Polar oscillogram of a sinusoidal quantity, showing 
effect of odd and even ratios between frequency of 
applied quantity and that of time scale. 


a circuit from the superimposed oscillograms of the 
P.D. and the current. 

(cy The polar oscillogram. 

The polar oscillogram presents the wave-form of a 
periodic quantity drawn to polar co-ordinates instead 
of to Cartesian co-ordinates; it may be regarded as 
a special ca^e of the circular oscillogram,*’ in which 
the base circle has shrunk to zero. As before, let the 
plane of Fig. 4 represent the oscillograph screen afld z 
the indicator. Then with the time-scale motion in opera¬ 
tion, but with no applied quantity, the indicator remains 
at rest at the origin O. When the periodic quantity is 
^plied, a curve is traced as shown, 1:he radius* vector 
of which is at each instant proportioNal to the applied 
quantity. The position of the indicator z may therefore 
be expressed in the polax co-ordinates r, 0. 

The curve closes upon itself .and repeats when there 
is an integral r|^lation between the speed of rotation 
of the time-scale motion and the frequency / of the 
applied quantity (see Fig. 6). Thus if n cycles of the 
periodic quantity occur during each revolution of z, 
i.e. if when d = 2^, the time t nT (whereIT — periodic 
time = 1//), then 


^ « X -7=, Qr 

nT . 


t X. 


n . 


• Se« Bibliograpliy, (7). 
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Un3er this condition it is possible to measure with 
pianimeter the area swept out by the radius ^vector 
for each revolution of the indicator. The meaning of 
this measurement may be interpreted as follows * :— 
Suppose the area to be divided into elemental sectors, 
each having a central ahgle 'bd, and a radius r (the 
value corresponding to angle $), Each element may 
be regarded as a triangle, and its area may be written 
M J X r'bd X r = 

By summation in the limit when 2)0 is infinitely small, 
the whole area is 


.2tr 


A = 


Jo 


Kow r, being proportional to the applied quantity, is 
a function of time ; the area may therefore be expressed 
as a time integral instead of as a space integral, thus— 




TT 


27r\ ^ 
nTj ~~ nT. 




From this it will be seen that the area gives a 
measure of the mean square of the periodic quantity. 
Therefore by introducing the calibration constant of 
the instrument and extracting the square root, the 
effective value is obtained. 

, Using superimposed oscillograms of P.D. and current, 
the power and power factor in a circuit may be deter¬ 
mined by an ingenious method that has been described 


Fi F(e-ii 

Fig. 6. —Superimposed polar oscillograms (after Grix). 


by Chubb, *f Grix,|; and others in the following way:— 
Oscillograms are taken not only with the P.D. and the 
current acting separately, but also with them acting 
together and in opposition. This gives four citrves 
(see Fig. 6) the areas of which may be designated as 
follows:— 

^ ^ 

11 therefore and are the calibration constants for 
the P.D. and the current deflections respectively, then 

■ - 

•'0 

• Also see Bibliography, (8). f -TWa., (6). % 


From these results it 4s possible to separate the term 

Now the power consumed in the circuit is the mean 
value of ei (the instantaneous power) taken over a 
complete cycle, and tlierefore 


Power 



The result then ma)^^ be stated, that 


Power (P) = . (l) 

• (2) 

^ + i - - i} • • • (3) 



Fig. 7.—General cyclo¬ 
gram. 


Fig. 8.—Cyclogram of P.D. ] 
and current. 


The apparent power is the product of the effective 
values of the P.D. and the current, and is therefore 
given by 

n's/ (A^i) 

. • rrKeKi 

and the power factor is the quotient, so, using (3) above, 

' we get 

Power factor = 

(3) CYCLOGRAPHIC METHOD. 

{a) dener^L 

Suppose that the plane of Fig. 7 represents the 
screen of a cyclograph, of which z is the indicator, 
and that the axes ^'OX, Y'OY are drawn parallel to 
the -two components of the motion of z (each being due 
to one of the applied quantities), their origin O being 
the position of rest of the indicator z^ 

As the cyclograph is operated by the applied periodic 
. quantities, the in<lj.cator z ^oves about over the screen 
and traces out on it a periodic curve; and when the 




1061 


ELECTRICAL ENGINEERING. BY MEANS OF CATHODE RAYS. 


' " " ' • " " 

quantities have an integral freljuency raitio this curve 
closes upon itself and^’epeats. 

(Z)) Properties gf the cyclogram. 

(i) The deflections .—common use for the cyclo- 
graph is to study the power consumption or o.ther 
electrical property of an apparatus, or, in general, 
the relations between a P.D. and a current. Each of 
these two quantities then will operate one of the com¬ 
ponent deflections of the indicator, in other words 

KqX e 

and y X i 


deflections x and y, to make the value of this are^ 
represAit one of the required results. 

In Fig. 9 the diagram traced by the indicator is 
shown. Suppose it is divided into a number of 
" elemental strips ; then the area of each strip may 
be expressed in the form 

2),^ = y'bx 

where y Is the length of the strip and T^x its width. 
Then the whole area A is the summation of the areas 
of all the elemental strips, covering a complete cycle of 
the motion of z. Thus A = between the limits of 


where are the calibration constants of the 

instrument. 

(ii) Resistance .—^At each instant 


eji == r 

where r is the instantaneous resistance corresponding 
to the values e and i of the P.D. and current 
respectively. This derived quantity r is equal to 
(x/K^) {y/Ki) on the cyclogram (big. 8) and it is 
therefore inversely proportional to the slope of the 
radius vector from the origin O to the indicator 
point z. 

(iii) Power. —^Again, since electrical power is measured 
by the appropriate values of P.D. and cuiTent, we have 

Power {jf>) = e X i 

This is equal to {xjK^ X (yjK^ and is therefore pro¬ 
portional to the area of the rectangle Oezi on the 
cyclogram. Note, however, that this derived quantity p 
is the instantaneous value of the power flowing into 
or out frpm the apparatus, and holds only for the same 
instant of time as the instantaneous values e and i. 

The sign of this quantity p depends solely on the 
signs of its two factors e and i. Thus when the indi¬ 
cator z is in the upper right-hand quadrant of the 
cyclogram (see Fig. 8) the instantaneous power is 
positive ; similarly when z is in the opposite quadrant 
(bottom left-hand) the power is also positive, i.e. 
flowing in the same sense; but when 2 ; is in either of 
the two remaining quadrants the power is negative, i.e. 
flowing in the opposite sense. 

In order to obtain the average pOT^er it is necessary^ 
to evaluate tlie variatidns of p for one cycle, integrate 
with respect to time and divide by the time period, 
just as with the oscillographic method using rectangular 
co-ordinates. The quantities power factor and phase 
angle (in the case of sinusoidal variables) follow in the 
usual manner. 

In power measurement theii it is evident that the 
cyclographic method has so far offered no advantages 
over the oscillographic method (other than showing 
changes in sign of the instantaneous power, and therefore 
the presence or absence of surging energy) ? 

1% 

{c) The area of the cyclogram. • 

It has been shown that when tlie cyclograph is 
operated by periodic* quantities of equal frequency, tor 
example, a closed curve is traced by the indicator. Such 
a figure encloses a deflnite ari^; and ^t is possible, by 
correct choice of the quantities used to control the 

VOL. 63. 


one cycle. 

If the division of the area into its elemental strips 
were made parallel to the X-axis instead of parallel 
to the Y-axis (as in Fig. 10), then by similar reasoning 
we obtain A = Ix'hy between the limits of one cycle. 

It has been specified for these results that the quan¬ 
tities X and y are periodic functions of time. The 



Fig. 9.—Area of a Fig. 10.—Area of a cyclogram, 
cyclogram. Alternative integration, 


area A may therefore be expressed as a time integral 
instead of as a space integral. Thus 


A = 

r^Sa;, 


c)i 


where T is the time period of one cycle. A similar 
result is obtained by using the alternative expression 


A = ixby 

- 

9 

{d) .^Application to power measurement. 

From the foregoing analysis it is apparent that the 
cyclograph gives automatically an integration with respect 
to time of the instantaneous product of the Awo factors y 
and 'hxj'bt (or, in the alternative expression, the factors 
X and TiyI'bt). This property of the cyclograph may be 
utilized to give directly (i.e. without any intermediate 
plotting or calculation) the energy per cycle, and hence 
the mean power consumed in the app^atus—the 
necessary condition is that the instantaneous value of 
the product yebxfdt) [or, in the alternative scheme, of 
the product xi^yj'bt)] shall trul}^ represent the instanta¬ 
neous power in the apparatus. 

Suppose now we have chosen one of the components, 

70 
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say y, to be proportional to the P.D. Then in order to 
j^oduce the above result we hnd by simple division 
that the quantity 'bxj'ht must be proportional to tlie 
current. It follows from this that the second component 
deflection, x, must be proportional to the time integral 
of the current, since x = Similarly, if we 

have chosen one of the components to be proportional 
to the current, it may be shown that the second com¬ 
ponent must be made proportional to the time integral 
of the P.D. 

It is important to note that, as a result of this choice 
of the component deflections, the quantity represented 
by area on the cyclogram is energy; for it is the product 
of the two deflections, and with either choice of deflec¬ 
tions this product is found to be the time integral of 
power, which is energy. Thus with periodic quantities 
of equal frequency, the area of the cyclogram figure, 
which is the net value of the area swept out by the 
cyclogiraph indicator during one cycle, represents the 
net energy passed into the apparatus per cycle. This 
energy per cycle, divided by the time period (or multi¬ 
plied by the frequency), gives the mean power, con¬ 
sumed in the apparatus. The simplicity of this 
process—^measure an area, introduce the calibration 
constants, multiply by the frequency—constitutes the 
great merit of the cyclographic method for power 
measurement. 

[e) The cyclogyaph as a power-factor meter. 

(i) Sinusoidal quantities. — A. special case in the 
determination of power factor from a*cyclograin demands 
attention, viz. when the periodic quantities of equal 
frequency have a sinusoidal wave-form. In this case, 
then, we have 

6 = sin 27Tp 

sin { 27 Tfi + 

where ^ expresses the phase difierence between the 
two quantities (in terms of the phase angle between 
their vectors), and and are the maximum walues 
of the P.D. and the current respectively, • 

(ii) High power factor .—^If these two quantities 
directly control the two component deflections of the 
cyclograph [as suggested in Section I, C, 3, (6)], then 

X = sin 27 rft 

y = sin {^lift -|- ^) 

The cycloguram obtained is thus a Lissajous figure,'* 
and in the particular case chosen of equal frequencies it 
is an ellipse (se^Fig. 11). • 

Note that the maximum aljpcissae and maximum 
ordinates of this ellipse are ** 

± X = ± KJEj^ 

and dz r = ± JK/b • 

« 

respectively, i.e. tlie ellipse is bounded by a rectangle of 
total lengt];j. 2X and total width 2Y. 

A further property now reveals itself, viz. that when 
a; = Oi then sin 27rft ^ 0, and Tmft = 0 or tt, etc. 

Therefore i sin {2mft + ^) 

= ± sin ^ or ± F sin ^ 


Similarly when 0, 

— ±X sin <j) 

Therefore the ratio (intercept of ellipse)/(intercept of 
rectajigle) on either axis is equal to sin p. From this, 
cos the power factor, is easily determined. 

The method is most accurate and most sensitive 
when the ellipse is narrow, as shown in Fig. 11. In the 
limit when the ellipse becomes the diagonal of tlie 
rectangle, 

*0 = 0, 

whence sin ^ = 0 and cos ^ (Sr power factor = 1. 
This arrangement, then, is the better adapted for use 
in a.c. power engineering for measuring departure from 
unity power factor. 

(iii) Low power factor .—In measuring power losses 
cases frequently arise where the power factor must be 
accurately determined when it is in the neighbourhood 
of zero. For this work it is better to use the mode 



I .! 

Fig. 11.—^Elliptical cyclogram (power-factor determination). 


of operation of the cyclograph described in Section 
I, C, 3, {d). Here 

2/ = XiJ^sin(27r/« + ^) 

2)0? 

and — sin 27 r/f 

whence x = sin 2TTft'ht 


Then when 


== “ 27rfKJS}fn, cos 27 rft 


o 

oj = 0, cos 27rft = 0, and 27 Tft = etc, 

2 2 

= ± cos <l> OT ■± Y cos <!> 
and hy similar reasoning, when ^ = 0, 


jcq =s ± X cos ^ 

Therefore in this case the ratik> (intercept of ellipse)/(in¬ 
tercept of rectangle) on either axis is equal to cos (f>, 
i.e.*fche power factor itself. 

As before, the method is most sensitive when the 
ellipse is narrow; in the liiftit, Xq = 0, giving 
cos ^ = 0 or power factor zero, 

(iy) •Alternative When the cyclogram is a 

narrow ellipse it is'sometimes more convenient to measure 


ELECTRICAL ENGINEERING* BY MEANS 


■A. 


its major and minor axes (I and w respectively). Their 
product gives a meastire of the area of the ellipse, and 
the power factor may be evaluated as the ratio of this 
area to that oY the maximum ellipse that c^in be con¬ 
tained in the bounding rectangle (i.e. corresponding to 
unity power factor). 


Power factor = 


'TTWl 

7r(2X)(2F) 


wl 

4XY 


Note that, as in the previous methods, the calibration 
constants are not required. 

An alternative metUod is to measure the “ fineness 
ratio of the ellipse, i.e. the ratio of its major and 
minor nxes. When the ellipse is sufficiently narrow 
[i.e. power factor very small with method (iii) above], 
the major axis may be talcen as equal to the diagonal 
of the bounding rectangle, or 


I ^ + Y^) 

The geometry of the figure also gives the minor axis as 


2XY 

Then the fineness ratio becomes 


w XY . r 

I - - I -l- ^ 

4J0 

where r = Y/X, 

If the two maximum deflections of the indicator can 
be made equal, i.e. r s= 1, the expression simplifies as 
follows;— 

w I , 

T = -cos^ 


whence power factor == cos 


w 

= 2-. 


(y) Partial recording, —^With the above methods of 
determining power factor from the cyclogram, partial 
recording [see Section VIII, A, 2, (a), (i)] may be prac¬ 
tised—^for if tlie two tips and the middle slice of the 
ellipse, and one axis, are recorded, the power factor is 
determinable. In fact, with the second method under 
(iv) above, if the cyclograph is adjustable in sensitivity 
so that constant maximum deflection of the indicator 
is used, tlien r = 1, and I is constant, so a measure¬ 
ment of one linear dimension {w) is sufficient to deter-^ 
mine the result^ 



(J) Freqmncy ratios, 

(i) Absolute measurement of frequency, —^From Sec¬ 
tion I, C, 2 it is evident that, provided the absolute 
velocity (as well as thfe form of variation) of the time- 
scale motion is known, any oscillogram will furnish 
sufficient data for determining the time period of tlie 
unknown quantity and hence its frequency, 

(ii) Stroboscopic method, —Stress has bSen laid upon 
the necessity for am integral ratiS between the^fre- 
quencies of the two component motions, both with 
oscillographs (see also Section VIII) and with Cymo¬ 
graphs, in order that the indicator when it repeats its 
cycle shall fpUow exactly ihe original path, §o pro¬ 
ducing a stationary diagranf. Very ^slight depairture 
from this condition causes ^ progressive change in the 
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1 

No infoimation of wave^foim 
given 4 

Fails to indicate quick dianges 
in conditions of test 

Indicates wave-form, and 
shows instantaneous beha¬ 
viour of the test apparatus 

Indicates wave-form, and 
shows instantaneous beha¬ 
viour of the test apparatus 

Indicates wave-form, and 
sho\ra instantaneous beha¬ 
viour of tile test apparatus 

t 

s 

& 

1 

rt 

1 


True value, independent of 
wave-form 

Dependent on wave-form 

True value, independent of 
wave-form 

Dependent on wave-form 

1 

Is II II 1 
£1 £ 

1 

3 

o' 



Electrostatic wattmeter reading 
True value, independent of 
wave-form 

Area of cyclogxam 

True value, independent of 
wave-form 

Area of cyclogram 

True value, independent of 
wave-form 

“ Shape ” (ratio of linear dimen- 
sionsj of cyclogram 

Dependent on wave-form 

i 

52 ; 


1 

J 

Hot-uire ammeter reading 

True R.M,S. value, independent 
of wave-form 

Maximum component deflection 
Maximum value only, dependent 
on wave-form 

Hot-wire ammeter reading 

True R.M.S. value, independent 
of wave-form 

Hot-wire ammeter reading 

True R.M.S. value, independent 
of wave-forin 

1 

\ 

1 

Electrostatic voltmeter reading 
Triie RJtf.S. value, independent 
of wave-form 

Maximum component deflection 
Maximum value only, dependent 
on wave-foir) ^ 

Electrostatic voltmeter reading 
True R.M.S. value, independent 
of wave-form 

Electrostatic voltmeter reading 
True R.M.S. value, independent 
of wave-form 

1 • 

i f is 

^ 1* 1^1 

1 ^ 

■•8s 1 •?! 

■1^ I.ll 
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^hase relation of the two motions, and as a result the 
form of the diagram changes, “ precessing through a 
complete cycle of changes for each cycle (of the lower 
frequency) by which the phase relation alters. Hence 
by determining the rate (frequency) of precession in 
the diagram, we obtain the change of frequency neces¬ 
sary to restore the integral ratio; when this ratio is 
unity the rate of precession measures the absolute 
difference between the two frequencies. The method 
has no frequency limitation (beyond that of the instru¬ 
ments used) ; and the higher the frequencies under 
investigation the more sensitive does the method 
become. * 

When the quantities studied are sinusoidal, the 
cyclograph gives the well-known " Lissajous ” figures ; 
from the form of the figure it is possible to determine 
the value of the frequency ratio in use. 

(II) DEVELOPMENT OF INSTRUMENTS FOR 

DELINEATING RAPIDLY VARYING QUAN¬ 
TITIES. 

) 

(A) Steady-Deflection Instruments. 

To perform its function of “ converting" an electrical 
quantity to be measured into a physical form that is 
directly perceptible to the physical senses, an electrical 
measuring instrument must utilize one of the physical 
phenomena that accompany electricity, for example, the 
electrostatic, the electromagnetic, the thermal, or the 
optical effects due to magnetic or electric fields, com¬ 
bined perhaps with pyro-electric, piezo-electric, or other 
thermal or optical phenomena. It is the appropriate 
choice of its principle of operation that determines 
the ability of a steady-deflection instrument to indicate 
any required function of a var 3 ning quantity. On 
this choice also, and on the mechanical design of the 
instrument, depends its " law," i.e. the relation 
between the reading or indication and the quantity 
measured (vrhether it be linear, square, or othervfee). 

(B) Mechanical Delineating Instruments. 

’ (1) THE NEED FOR VIBRATORY INSTRUMENTS. 

^ In the measurement of periodic quantities it was 
soon found that more information was required than 
was given, for example, by the " virtual values." A 
knowledge of " wave-form " became necessary in 
order that^the^growing problems of alternating-current 
engineering could be solved. By means of tlie " ppint 
by point" method, used first by Lenz (1849) and 
developed by Joubert * (1880)® Rosaf (1898), Hospi¬ 
taller t (19JJ3), and Ltibcke§ (1917, with an electron- 
jet instrument), it was made possible to study the 
wave-forms of periodic quantities while using only 
steady-deflection instruments. The method, however, 
requires much auxiliary apparatus and (with ihe excep¬ 
tion of Liibdke’s application) this includes a synchronous 
commutator, which limife its use to the lower fre¬ 
quencies ; it is necessary also for the quantity studied 
to repeat itsfelf with close accuracy for the considerable; 


From these considerations it wiU be seen how great 
advantage may be derived from*the use of an instru¬ 
ment whose indicator will follow the variations of a 
periodic quantity, and hence give an indication or 
record of the wave-form. 

For the study of transient phenomena the use of an 
instrument of this description is usually the only 
solution. 

(2) THE RESON.\NT TYPE. 

Wien * (1891) suggested the use of the resonance 
principle to increase the sensitivity of detectors used 
in a.c. bridge measurements. The idea was realized in 
his " optical telephone," and wras developed into the. 
vibration galvanometer by Wien (1891), Rubens (1895), 
Campbell (1907), Duddell (1907), and Drysdale (1912). 
The string galvanometer of Einthoven f has also been 
used as a resonance instrument for both low fre¬ 
quencies and radio frequencies (in 1923). j: 

The cyclographic method (two-dimensional) also has 
been adapted to phase measurements with Lissajous 
figures by Puluj § (1893), who used two resonant 
"phase-indicators" acting on the same optical pointer, 
and by Miss LeyshonH (1923), who used a single 
instrument. 

(3) THE NON-RESONANT TYPE. 

FrOlich^ (1887) first attempted to produce an instru¬ 
ment for -wave-form delineation, based on the telephone 
receiver; the device was improved upon by E. 
Thomson** (1888), Guyau ft »and Dubois XX (1923), 

but like Wien's apparatus it manifests the resonance 
effect, which, combined with insufficient damping, dis¬ 
torts the wave-form. 

An instrument on the lines of the d'Arsonval gal¬ 
vanometer (moving-coil type) was devised by Holer §§ 
(1892) wliich he called a ** dynamo indicator" by 
analogy with the steam-engine indicator. The records 
were traced on a revolving smoked drum ; the natural 
frequency of the instrument was 103 cycles per sec. 

Blondelllll (1891) w^as the first definitely to state the 
conditions under "wliich a galvanometer would follow 
the variations of a periodic quantity sufficiently 
accurately:— • 

(i) High " natural frequency" of oscillation, as 

great as 50 times that of the phenomenon to- 
be investigated. 

(ii) Damping in the neighbourhood of the " critical 

value." 

' (iii) Self-induction as small as- possible. 

(iv) Negligible hysteresis and eddy-current effects. 

(v) Adequate sensitivity. 

Blondel's" Jfirst instrumenfrlflf to fulfiL these require¬ 
ments, called ty^him an " oscillograph," was of the 
" Sioving-iron" type; in its latest form it has a 
natural frequency of about 40 000 cycles per sec. 

, ^Blondel also suggested (1891) t^ use of the " moving¬ 


time occupied by the test. 

♦ See Bibli(?grapliy, (10 and 11). t (12). 

.t Ibid,, (18). ' ^ \ Tbi4.\ (14). 
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coir; principle, and this was*applied by Duddell * in 
his “ bifilar " instnftnent; this attains a natural fre¬ 
quency of 12 000 cycles per sec. but has much smaller 
self-inductande. 

These two types of. instrument have been of''great 
use for commercial oscillographic work at low fre¬ 
quencies. Both types carry a mirror on their moving 
parts, for controlling the motion of an optical pointer. 

In the Ganz oscillograph the mirror is eliminated, 
by using a single vibrating strip with microscopic 
projection for indicating and recording, as in the 
Einthoven " string galvanometer. The instrument 
has a natural frequency of up to 5 000 cycles per sec. 
and has the advantage of robustness and portability. 

Janet f (1894) proposed a chemical method of 
recording wave-forms on a drum rotating at syncliro- 
nous speed, and Burch } (1896) suggested the use of 
the capillary electrometer for a similar purpose. Such 
methods are necessarily limited to power frequencies, 
and neither saw commercial development. 

A hot-wire oscillograph has been devised by Irwin §. 
(1908) ; but though it is applicable to power circuits 
with the help of a special phase-advancer to com¬ 
pensate for the thermal lag, the hot wire alone will 
not respond accurately to frequencies higher than 5 
cycles per sec. 

Following upon Ta}^or-Jones's short-period electro- 
met^,** I) produced in 1907 for studying slow oscillations 
(up to a few hundred cycles per sec.), Ho and Koto If (1913) 
produced their electrostatic oscillograph. This instru¬ 
ment has a bipolar moving system with mirror like the 
Duddell instrument, and so has similar damping char¬ 
acteristics and natural frequency (3 300 cycles per sec.); 
but it is operated by pure electrostatic attraction and is 
more suitable for high-tension work. 


(4) THE LIMITATIONS OF MECHANICAL OSCILLOGRAPHS. 

The types of instrument so far described still use some 
form of mechanical moving part as the deflectional 
element, even though the mechanical pointer which serves 
so well in steady-deflection apparatus has been replaced 
by an optical device. From tliis point of view there is 
no difference of principle between the modern mechanical 
oscillograph and the early tele;^one adaptations^. 
Apart from the question of damping, the difference is 
just one of frequency range. 

Blondel,**in developing the theory of the oscillograph 
whose natural frequency is above the range of the fre¬ 
quencies under investigation, showed that there is a 
definite error in the indication which grows as the 
frequencies approach* one another. For a sinusoidal 
periodic quantity whose frequency is /, the indicated’ 
value fails short of the true instantaneous value in the 
ratio 

Iildicated value _ _ 1* 

True value “ ~ 1 H- (///q)® 


where /q is the nat]jral frequency of the oscillograph! 
Then if the error is expressed as a fraction of the 


* See Bibliography, (27). 
S Ibid,, (80). ^ ^ ^ ^ 
♦♦ Ibid., (25). 



IbU., (20).'' * 

Ibid., (81 and 32). 


indicated value (wliich is permissible when the error 4s 
smallj this gives 

Errors = (l/i2)-l = (//4)2 

Hence, having decided upon the degree of accuracy 
necessary, the frequency limit of any oscillograph of 
this type may be determined. 

In addition to this magnitude error, the frequency 
eflect includes a phase displacement; but in practice 
this introduces no error of importance. 

In investigating non-sinusoidal and transient quan¬ 
tities, the formulae given are applicable individually to 
eadh sinusoidal component or harmonic present. 

No instrument has been developed for measurement 
purposes having its natural frequency below the range 
of frequencies under investigation ; the arrangement is 
impracticable because of the extremely small sensitivity 
obtainable. (It may be noted in passing that the idea 
has been applied to microphones for radio-telephony— 
here the insensitivity may be countered by amplification.) 

(C) Non-mechanical Instruments. 

(1) OPTICAL METHOD. 

It is a natural outcome of the use of the optical 
pointer to consider whether the control of its motion 
can be obtained without the use of a mechanical moving 
element, for if so it may be possible to eliminate the 
frequency limitation of the mechanical oscillograph. 
In a measure this was accomplished by Pionchon ♦ and 
Crehore f (1895). The principle utilized is that of the 
rotation of the plane of polarization of a beam of polarized 
light traversing carbon bisulphide solution, when 
immersed in a longitudinal magnetic field. The amount 
of rotation is indicated by the position of a dark patch 
on a spectrum, its displacement from its initial position 
being proportional to the current producing the magnetic 
field. 

The frequency limitation of such an apparatus is 
impcJjed only by the response of the carbon bisulphide 
molecules to the magnetic field, and should cover most 
electrical engineering requirements. Unfortunately, the 
solenoid producing the field will have a high inductance ; 
and in addition the sensitivity of the apparatus and the 
definition of the dark patch ** indicator *' are very poor, 
and the apparatus has not been further developed for 
oscillographic work. 

(2) USE OF THE “jet** PRINCIPLE. 

A new method, suggested by E. F. Nortlirup, was 
experimented upon by Nichols f (1893). The arrange¬ 
ment used was a column of mercury falling vertically 
from a nozzle supplied by a reservoir. Electrostatic 
deflection of th^ mercury jet was tried by two 
electrodes connected to a Holtz machine, but the 
apparatus was rather insensitive. Then the j^t was 
placed in a constant horizontal magnetic field, the 
alternating current to be measured was j^assed along 
the jet, and visible deflection resulted. An oscillograph 
record was obtained on a falling plate, a camera lens 
^ giving an image of the position of the jet as it appeared 
behind a horizontal slit. ^ 

♦ See Bibliogrepliy, (38), . f (34). % Ibid,, (36). 
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VThe method was not further developed, but Nichols 
states that it was introduced '' to show that increased 
accuracy of record may be looked for as the result of 
reducing in any practicable manner the mass of the 
indicating device " (page 68 of the paper referred to). 
We shall see, however, that in this apparatus the reduc¬ 
tion of mass, which is not great, is not the cause of its 
faithful reproduction—^it is inherent in the use of the 
jet principle. 

In this apparatus the operating principle is seen to 
be the mechanical force experienced by a current- 
carrying conductor placed in a magnetic field, just as 
in the moving-coil instrument, the Duddell oscillograph 
or, to take a closer analogy, the Einthoven galvanometer. 
In these instruments the conductor is rigid and does 
not move out of the field, so that motion of the conductor 
takes place more or less as a whole, although the force 
acting on it is distributed. If the conductor were sup¬ 
ported without constraint, then, due to its finite mass, 
it would move so that its acceleration at any instant 
was proportional to the resultant force. As a general 
rule, however, this force is a measure of the electrical 
quantity under investigation; and by constraining the 
conductor with an elastic restoring force (usually a 
mechanical spring) the motion is made such that the 
displacement of the conductor gives the required measure 


of the applied quantity. 

These conditions, of a finite mass constrained by an 
elastic force (" elastance *'), give inherently a mechanical 
oscillatory system; and it is from this fact that the 
problems of natural frequency and resonance arise. 

It is important to note that with the jet device the 
action is quite different from that of a rigid conductor, 
for although the principle upon which the deflecting 
force depends is identical (in Nichols’s arrangement, for 
example) there is no elastic constraining force. In spite 
of this absence, however, we see from the formula 




that at any point within the region of action of the 
deflecting force, the deflection (F, lateral displacement) 
is proportional to the deflecting force {a, force per unit 
length), the others factors being constants of the 
apf)aratus. In other words, the electrical quantity is 
,** converted ” into a mechanical deflection without the 
use of a mechanical oscillatory system. 

There is nevertheless a frequency limitation with the 
jet instrument ;• it is shown in the Appendix that the 

frequency error is equal to a fraction (l -^ sin 

• \ TTfx V J 

of the true vjlue, where v is the jet velocity, x the dis¬ 
tance it travels under the deflecting force before obser¬ 
vation, and f the frequency of the ^variable studied. 
(With the electron jet this limit may be made well 
outside electrical engineering requirements!) 

It may be emphasized here that the mass of the jet 
(/>, linear mass density) has no influence on the frequency, 
characteristic of the instrument, because with any 
substance that will form a jet there will be no appreciable 
rigidity, i.e. the shear force between one element of 
length and its neighbour will be^ negligible. 

« XI, A, Ifia), 


(Ill) PRODUCTION OF CATHODE RAYS IN THE 
VACUUM DISCHARGE. 

(A) Electric Discharge in Gases uneter Reduced 
• Pressure. 

(1) PHENOMENA OF THE GASEOUS DISCHARGE. 

{a) First reduction of pressure. 

Although air and other gases are usually regarded 
as perfect insulators, it was shown by Coulomb * 
(1785) that air conducts electricity very slightly at 
normal (atmospheric) pressure adJi temperature, even 
\rith low values of electric stress; this conduction 
is often referred to as the ** dark discharge.'' Under 
increasing electric stress, the conduction phenomenon 
changes character, becoming successively the glow," 
the "brush" (or "corona"), the "spark," and.the 
" arc " discharge. Although the last four are accom¬ 
panied by phenomena (e.g. the production of light 
and sound) capable of detection independently of 
the electrical effect, practically no use has been made 
of the fact for the direct measurement of varjdng elec¬ 
trical quantities. The spark discharge has, however, 
been used frequently for recording time intervalsf 



Fig. 12.—^Discharge tube for exhibiting electric discharge 
phenomena in rarefied air. 

There are other ways than increase of electrical stress 
by which a gas may be made to carry an electric current; 
chief of these is reduction of pressure of the gas. The 
phenomena accompanying the conduction of electricity 
through gases under reduced pressure are known to 
physicists and to those electrical engineers who deal 
with vacuum discharge apparatus; it is convenient, 
however, to describe them here in order that we may 
note in what ways they may be applied to the purposes 
of electrical measurements, and what, are the unique 
Advantages they possess for these purposes in the hght 
of modern requirements. 

A closed glass tube (see Fig» 12) with a metal disc 
electrode sealed into each end, and connected to a 
vacuum pump, is a suitable apparatus for the study 
of these phenomena. On the first reduction of pressure 
it is found that a form of spark discharge will pass 
which has lost the noisy character of that in free air, 
and which requires for its production a much smaller 
value of P.D. applied between electrodes. This dis¬ 
charge soon ehanges into a'•bundle of -sinuous and 
irre^lar streamers ♦ these in turn broaden out and 
after a considerable reduction of pressure of the air in 
the^discharge tube (approaching 1/lOOth of its original 
value) the bulk of the tube is seenH:o be filled with a 
pink diffuse glow.^ For this " glow discharge" the 
P.D, •required is hundred volts, so that the 

• SeWeibUjigraphy, (36). 
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alternative spark-gap of the ^ube is only a fraction of 
a centimetre (see Table 3). 

(b) The Geisslsr discharge. 

The glow discharge retains its principal characteristic 
of luminosity in the gas over a considerable range of 
pressures. As the pressure of the gas is reduced, how¬ 
ever, changes occur in the distribution and intensity 
of the glow in .the discharge tube ; these effects are 
commonly referred to as the Oeissler discharges, which 
Townsend * classifies ijito four main types:— 

First type. —^At pressures slightly less than that 
mentioned, i.e. in the neighbourhood of l/200th of 
atmospheric pressure, it is found that a relatively much 
smaller P.D. suffices to cause a discharge. Under these 
conditions each electrode is seen to be covered, or 
partially covered, by a layer of glow,; the remainder 
of the discharge tube is dark. 

Second type. —^As the pressure reaches the neighbour¬ 
hood of 1/1 000th atmosphere the two glows extend 

Table S.f 

^ Geissler Discharge F.D.’s. 

Discharge tube as in Fig. 12. Distance between 
electrodes, 22 cm. Diameter of electrodes, 3 cm. 
Tube containing air under reduced pressure. 


Pressure, in atmospheres 

P.D., in volts 

0’00o3 

660 

0*0037 

620 

0*0022 

600 

0*00137 

470 

0*00087 

490 

. 0*00063 

630 

0*00038 

690 

0*00032 

630 

0*00022 

740 

0*00017 

800 

- ^ .. ..—■ 


from the electrodes into the tube. That at the cathode 
or negative electrode grows to a centimetre or so in 
thickness, and is known as the negative glow.” That 
at the anode or positive electrode fills tlie tube, what¬ 
ever its length, to within a few centimetres of the 
cathode; this is called the " positive column.” The 
region between these glows is non-luminous, and is 
called the ” Faraday dark space.” In air the positive 
column is pink, and the negative glow a milky blue. 

Third type. —^As the pressure of the air is reduced to 
about 1/3 OObth atmosphere the positive* column tends 
to break up into button-shaped portibns, called ” stcise ”; 
these are regularly spaced and have their convex sides 
facing the cathode. Meanwhile the positive colnmn 
has shrunk in length, the remaining portions of the 
discharge expanding. At this stage, the walls, of the 
discharge tube are seen to flifbresce with an olive-^een 

* S^e Bibliography, (88), \ Ihid.^ (37). : ^ 


a Table 4. — Gaseous Discharge Phenomena. 


Approximate gas 
pressure, in 
millionths of an 
atmosphere 

Phenomena in air 


Spark discharge loses its noisy char¬ 
acter, and is replaced by sinuous 
irregular ” streamers ” which broaden 
out and fill the tube with a pink diffuse 
” glow,” 


” Geissler ” discharges. 

1st Type. 

6 000-10 000 

Gas is now highly conducting—dis¬ 
charge may be passed with a few 
hundred volts. 

Each electrode partially covered by 
a layer of glow—rest of tube dark. 

2.\d Type. 

2000-5 000 

The two glows extend outwards into 


the tube—” negative glow,” milky blue, 
about 1 cm thick; ” positive column,” 
pink, fills tube to within a few cm of 
the cathode; two glows are separated 
by the ” Faraday dark space.” The 
ga.s is passing its point of maximum 
conductance. 

3rd Type. 

1 000-2 000 

Positive column tends to break up 
into ” striae,” which thicken and then 
diminish in number, intensity and 
extent. 

600-1 000 

Walls of tube fluoresce (olive-green 
if soda glass, bluish-green if lead glass) 
due to ” discharge rays.” 

4th Type. 

200-600 

Negative glow detaches itself from the 


cathode like a shell—being separated 


from it by the ” Crookes dark vspg|,ce.” 

A new velvety film (” cathode glow ”) 
spreads over the cathode surface. 

100-200 

Phenomena at cathode expand at 
expense of the rest. ^ 

Positive column disappears, but a 
thin ” anode glow ” persists. 

Negative glow finally loses all lumi¬ 
nosity. ^ 

, 10-100 

Anode glow disappears, and cathode 
dark space expands, ''until eventually 
it filljj the tube, the gas as a whole being 
non-luminous. . 

1-10' 

Glass walls show a bright fluores- 
cjjnce due to bombardment by ” cathode 
rays ” (with soda glass, apple-green, 


familiar from X-ray tubes). 

The conductance of the tube has been 


diminishing, untQ, at this point, many 
kilovolts are required to pass the dis¬ 
charge. 

Fluorescence diminishes, and finally 
tube ceases to conduci;. 
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light (if of soda glass ; lead glass gives a bluish-^een), 
which J. J. Thomson * has shown to be due to extremely 
active ultra-violet radiation (“ discharge rays from 
the negative glow. 

Fourth type .—Further rarefaction of the air carrying 
the discharge causes further development of the pheno¬ 
mena at the negative electrode, and shows that the 
negative' glow has become sharply separated from the 
cathode by a second non-luminous region, called the 
'‘Crookes” or “cathode” dark space; the cathode 
also is enveloped in a velvety film of light, known as 
the “ cathode glow.” 

When a pressure of about 1/10 000th of an atmosphere 
is attained these phenomena are found to occupy most 
of the tube ; the positive column has disappeared as 
such, there being only the thin anode glow over the 
surface of the anode. With air at this pressure, in a 
discharge tube 3 cm in diameter and 22 cm in length 
between electrodes, the Crookes dark space has expanded 
to about 1 - 5 cm thickness, and the negative glow, 
which is fainter and more indefinite, occupies 10 to 
12 cm of the length of the tube. The fluorescence of the 
glass also disappears with weakening of the negative 
glow. 

(c) The generation of cathode rays. 

Exhaustion of the discharge tube beyond the region 
of the Geissler discharges, i.e, beyond about 1/10 000th 
or 100 millionths of an atmosphere, causes rapid changes 
in the discharge phenomena. The anode glow dis¬ 
appears and the cathode dark space expands, driving 
the remains of the negative glow before ir. It is now 
possible to detect luminous streamers which appear to 
have a definite direction normal to the surface of the 
cathode, and penetrate a little way along the length of 
the tube. Under certain conditions the streamers tend 
to concentrate into a bundle along the axis of the tube, 
and their colour shows as a rich purplish blue, quite 
different from the milky blue of the negative •glow. 
Sometimes also there are scintillations on the surface of 
the cathode, as though due to bombardment. 

As a pressure of 1/100 000th or 10 millionths of an 
atmosphere is approached, the cathode dark space 
expands until it fills the tube, and the negative glow 
di^ppears, so that the gas as a whole is non-luminous. 
At this stage the walls of the tube show a bright green 
fluorescence wherever the dark space reaches the walls. 
(In the cas^ of soda glass it is an apple-green, quite 
different from add brighter than the olive-green fluores¬ 
cence obtained at higher pressures.) * 

The study of the green fluorescence on the glass was 
commenced by Pliicker t in 1859, and carried on by 
Hittorf t (1859),. Goldstein § (1876) and Wiedemann in 
Germany, Crookes || (1879) in England, and Puluj in 
Austria. It was soon ascertained that the fluorescence 
was produced by something coming from the re^on 
of the cathode, for a suitably interposed obstacle cast 
a sharp shadow on the w^alls of the tube. Goldstein 
thought it was a form of ether radiation, and gave it 
the namecathode rays.” Crookes (1879-86), who 
studied the velocity of the cathode rays at various 

♦ See BibUograpliy,»(39), f Ibid.^ (40, 41 and 42). % Ibid., (43). 

§ Jftk,(44)._ !| W,(45). 


stages of the discharge, ^suggested that the rays con¬ 
sisted of electrified particles of scfme very attenuated 

form of matter (a “ fourth state ”), projected with high 

• « 

Table 6. 

VACUUM SCALE 


The items are arranged 
accurately on a 
logarithmic scale; 
cases in doubt or covering 
a range are assigned a 
mean value 

Atmospheric pressure 
gas‘f illed lamp, opeiatmgj; 
do. do. cold ‘ 


ATMOS- 

PHf:RES 


M-1 

0-03 
-O-Ol 

R3int of max.conductivity(air)4U 0*003 


Steam condenser- 
Neon lam] 


Geissler 


d?scharges- 


h-O-OOl 


Round*s soft valve - 


Early carbon-filament lamps-4— 30 


''W^sternElec^rj^^hode-ray}- 
Braun's cathode-ray tube — 
x-ray tube- 


TLodge high-tension valve- 
Metal-filament lamp- 


Maximum pressure for) 
5 ri^t-emrcter valves y 


Maximum pressure for^D.Er) 
(thoriated filament) valves J 

jCoolidge x-ray tulfe— 


IRARSI 

OR 

im 

PER 

CM* 


0*7 


-100 

mUllonths 


-lOmilllonthsI 
5 
2 

-1 do 
0-5 


-Oddo. 


-0*01 do. 
0*003 

-O-OOldo. 


tt-0-0001 


HEAD 

OF 

iMERCmYl 


10 * 


10- 


10^ 


10 ' 


10^ 


10 


10’' 


10 - 


lori 


icn 


760ind 


76mm 


llOmm, 
T^nun 


1mm 


0‘lmm 


,10 , 

miciDTis 


Imlcmn 


0-ldo. 


llO’mm 


|l0~mm 


10*mm 


BOILIKG 

POIRTS 

X. 

HkM 


3S7100 




45 


17 


■28 


-45 


-58 


-75 


1721 
|r 

120|-26 

« 

80 

43 


Lowest produced & measured J—0*00001 
(Langmuir, 1916) 

latmo 5 pbe»e(‘^.T.E”) « 1-013 x 10® dynes/ 

veliicities by .the electric forces near the surface of the 
cathode, Perrin ♦ in 1895 showed'-fhat the charge was 
negative; and J. •}. Thomson f in 1897-98 demon¬ 
strated that the^particle^ had a mass of 1/1 850th of 

♦ See Bibliography, (4a and^7). f Ibid.^ (48). 
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that of the hydrogen atom, aJid that their charge was 
equal to that carrted by the hydrogen ion in liquid 
electrolysis. The particles are now known by the 

name electiX)n suggested by Johnstone "Stoney. 

% 

(2) THE MECHANISM OF THE DISCHARGE. 

The theory of the gaseous discharge * shows that 
in general the current is carried by both positive and 
negative carriers. At the low* gas pressure in question, 
the negative carriers are for the most part in the free 
or electronic condit^ft; it is these electrons which 
form the cathode rays. The positive carriers, however, 
are always gaseous ions, i.e. positively charged molecules 
or atoms of the gas in the tube ; these also acquire 
appreciable velocities and in suitable apparatus may 
manifest themselves as “ positive rays,’* Owing to their 
smaller mass, therefore, the mobility of the negative 
criers is much greater than tha.t of the positive. 

Numerous observers f have investigated the distri¬ 
bution of electric field strength in different parts of the 
gaseous discharge ; and it is found that over the whole 
range of gas pressures dealt with in the previous sections 
there ^s always a lugh value of electric field in the 
neighbourhood of the cathode (giving rise to the cathode 
fall of potential). As a result of this strong field, ions 
are rapidly removed from the space in front of the 
cathpde (the Crookes dark space) ; the negative ions, 
being more mobile, are removed faster than the positive 
ions, and these latter consequently preponderate and 
form a powerful positive space-charge. This space- 
charge, occurring as it does in close proximity to the 
negatively charged cathode, is suHicient cause for the 
high values of electric field. The two phenomena are 
thus interdependent; it is not necessary here, however, 
to discover which is cause and which is efiTect. 

The negative ions or electrons, moving under the 
influence of the electric field, accelerate until their 
energy is sufficient for ionization by collision; the 
region where this occurs is marked by the negative 
glow. On an average an electron travels a distance 
called its “ mean free path before it collides with any 
gas molecule; therefore the distance between the 
cathode and the nearest point of the negative glow—-in 
other words, the dimension of the Crookes dark space— 
is an approximate measure of this Ineaii free path. It 
is apparent, therefore, why this dark space expands on 
reduction of the gas pressure. 

Similarly the positive ions, supplied from the negative 
glow, accelerate towards the cathode; but, due to 
their lesser mobility, it is not until they come right 
against the cathode surface, where the electric field is 
greatest, that their kinetic energy?* is sufheient to pro¬ 
duce ionization. In interpreting the results of Ebert J 
(1900) on the thickness of the Crookes dark space, 
J. J. Thomson considers that the negative ions are 
produced mkinly in the region of gas lylhg about J mm 
in front of the cathode (at the^iigher pressiu;© this 
region shows the cathode glow). On the other hand, 
the fact that the cathode fall of potential depends some¬ 
what on the me^ai employed for the cathode would 
suggest that electrons may also '♦be emittecl, by the 

See Bibliography, (49, 60, 61 Ibid., (68 64, 66, 66 and 67). 


cathode itself under the action of the rapidly moving 
positive ions. 

Mllard * (1899) clearly demonstrated the action of 
the positive ions on the cathode. He used a discharge 
tube fitted with an insulated, diaphragm placed parallel 
to the cathode and fixed between it and the anode. 
This diapliragm had two holes in it; when the Croolces 
dark space extended to it (as occurs when the pressure * 
is low enough for cathode-ray production) the only 
positive ions striking the cathode are the two streams 
through the two holes ; and the points of impact, 
opposite these holes, are the only parts of the cathode 
fr«m which cathode rays are emitted. This is con¬ 
clusive proof that a high value of electric field at the 
surface of the cathode is not the only condition required 
for the emission of electrons. Nevertheless, once 
electrons are available, the electric field at the surface 
of the cathode, representing as it does the bulk of tlie 
potential drop through the discharge tube, is the deter¬ 
mining factor in accelerating the electrons, and hence 
controls the direction and velocity of emission of the 
cathode rays. 

(3) PROPERTIES APPLICABLE TO ELECTRICAL 
MEASUREMENT. 

(fl) Properties of the glow discharge, 

(i) The oscilloscope ,—In studying the Geissler dis¬ 
charge in its first stage (see Section III, A, 1—^pressure 
for air about l/200th atmosphere), H, A. Wilson f (1902) 
measured the current density at a cylindrical wire 
cathode when the negative glow does not envelop the 
whole of the negative electrode. Under these circum¬ 
stances the glow assumes the shape of a test-tube, with 
a well-marked lip at the end furthest from the anode; 
as tlie current in the discharge increases, the glow 
reaches further along the electrode, the length of the 
glow^ being proportional to the current. 

Wehnelt J (1902) has shown that the discharge from 
the cathode is confined to the area covered hy the 
glow and that the current density is constant over this 
area. H. A. Wilson demonstrated that these laws hold 
in air over a pressure range of approximately 1/100th 
to 1/30 000th atmosphere (the value of the current 
density being approximately ’proportional to the 
pressure). 

From tliis property of the glow discharge we see that 
it can be used for the direct measuFement of electric 
Gurrent; and moreover, being an ^onization pheno¬ 
menon, it shows a quick response to current variations, 
so that it may be used for oscillographic work. The 
oscilloscope and the ondoscope illustrate dts application. 

(ii) Use of neon,—We have so far discussed the 
phenomena of {he glow discharge as they occur in 
rarefied air. The substitution of other gases or gaseous 
mixtures does not in general alter the character of the 
discharge. It may affect the values of ga.^ pressure at 
which the various stages of discharge occur; it will 
also affect the values of P.D. required across the dis¬ 
charge tube to establish and maintain tlie discharge. 

A notable instance of tliis is the nse of rarefied neon 

% Ibid,, (61), 


* See Bibliography, 50). 


t Ibid,, (00). 
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to carry the discharge; with this gas the minimum 
required to maintain a Geissler discharge ©f the 
first or second types, for example, averages about one- 
third to one-half the value necessary with air. This 
fact is an important factor in the development of the 
oscilloscope as a practical electrical measuring device. 


Tablb 6. 


Current Densities at Electrode Surfaces. 


At Cathode [Negative Electrode) 

Glow discharge (cylindrical wire cathode 
in air) : * 

Gas pressure = atmosphere.. 

Gas pressure = TTy*Tr(r atmosphere 

Glow discharge (*'Ondoscope tubes, 
made for Prof. MacGregor-Morris by 
G.E.C. Research Labs., 1923-24) : 

Argon 

Nitrogen 

Helium 

Others .. . 

Vacuum arc discharge (mercury-vapour 
lamp): t 

(at cathode spot" on mercury 
surface) 

Arc discharge (carbon arc in air) : { 

(atnegative crater *") 


Current 

Densitjr 


amps./cms 

0-003 

0-0003 


{S 


fO-002 
\0-002S 
0-0026 
0-0017 
0-0006 
to 0-0033 


4 000 
470 


At Anode [Positive Electrode) 

Arc discharge (plain "Electra"' carbons, 
in air) : § 

For 10 mm carbons . 44-2 

For 6 mm carbons .. ,. .. 74-6 


if)) Properties of cathode rays. • 

(i) Energy of the rays. —^The fluorescence shown by 
glass when bombarded hy cathode rays, which led 
to their discovery (by Plvicker, 1859), is shown to a 
ver^ intense degree by certain crystaltoe minerals, and 
is now used universally for visual indication of the rays. 
Bombardment by the rays maj^ also cause chemical and 
physical changes in matter, as for example the photo¬ 
graphic sensitive^ plate, which is chemically altered by 
light. As the rays consist of particles of finite m£L§^ 
moving with hi^ velocity, they possess considerable 
kinetic energy, Wiedemann || (1898) has shown, how¬ 
ever, that only a small fraction of this energy is spent 
in exciting fluorescent radiation. Portions of the energy 
are converted into X-rays or into s^ondary cathode 
rays ; but usually the bulk of it is dissipated as hejat 
at the'point of impact. (The X-ray tube shows this 
evolution of heat at its target, which is subjected to 
bombardment by a concentrated jet of rays.) 

of the rays. —Goldstein, by suitably- 
’ow experiments, confirmed Hittorfls 


aphy, (60). 


t Ibid., m). 

(6iand65). 


observation that the raj^ travel in straight lines, and 
showed further that they start at? right angles to the 
surface of the cathode (the rays give no “ penumbra 
effect as lig^t does). These two properties of perpen¬ 
dicular emission and rectilinear propagation are easily 
accounted for by the cathode fall of potential ” 
phenomenon (see Section III, A, 2), and it will be seen 
that they are essential to the application of the cathode 
rays to electrical measurement purpases. The effect 
may be observed directly in the vacuum discharge tube 
by adjusting the gas pressure to^ suitable value (in the 
neighbourhood of 100 millionths of an atmosphere) such 
that the trajectory of the rays becomes visible as a 
pencil of blue light. 

(iii) Deflection of the rays. —^The cathode rays are 
deflected by a magnetic field having a component per¬ 
pendicular to their direction of travel, a property first 
noticed by Plucker * (1859). The direction of the 
deflection is the same as that of a flexible conductor 
lying in their path and carrying an ** electric current ** 
towards the cathode. 

The rays are also deflected by an electrostatic field, 
as was indicated by the experiments of Goldstein (1876) 
and Perrin (1895), and finally demonstrated bjr J. J. 
Thomson (1897). The diflflculty experienced in realizing 
the electrostatic deflection is due to the very intense 
ionization produced by the rays in the residual gas 
through which they pass • (as evidenced by the •blue 
streamers of light by which they are first seen). This 
ionization renders the gas partially conducting, and the 
resultant effect is as though the rays were moving 
down a kind of protecting conducting cylinder of their 
own construction and are thus screened from the action 
of any electric field applied to the tube, there being, 
of course, no electrostatic field inside a closed con¬ 
ductor. The effect may be partially eliminated by more 
• complete exhaustion of the discharge tube (to, say, 
10 millionths of an atmosphere), thus reducing the 
amount of residual gas. 

(B) Use of the Electron Jet [** Cathode-ray 
Pencil**) Produced by Gaseous Discharge. 

(1) requirements. 

The property o4 the cathode rays which renders 
,them useful for measurement purposes is their sensitive¬ 
ness to deflection by electric and magnetic fields. 
But the discharge tube that has served so far to 
show the rays is not suitable as a measuring instru¬ 
ment, It is necessary, for one thing, to separate, the 
rays from the other phenomena of the discharge, so 
that their response to the deflecting fields may not be 
affected by disturbing factors. Secondly, and perhaps 
more important, means must be adopted for measuring 
the deflection of the rays with more certainty and 
accuracy. • . ‘ 

m (2) CR?)OKES*S APPARATUS. 

' The first attempt to fulfil such conditions was 
mad% by Crookes f (1879) in stud^nng the relative 
velbcities of the cathode rays as the gas pressure 
was ^’educed. TJJie appyatus used consisted of a 

S *S«eBibK6|^phy,^41). . t/Wa.,(46). 
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vacuum tube with a plarife aluminium electrode ; 
parallel to this and* cm in front of it was placed 
a mica screen with a small hole in the centre. The 
rays which Were projected through the aperture in 
this screen were received on a glass plate, the^ small 
area on which they impinged being marked by a green 
fluorescence. 

(3) TH0MS0N*S APPARATUS. 

For his determinations of the physical constants 
of the electron, Thonfeon * (1897) found it necessary 
to secure a much greater accuracy of measurement. 
To obtain this he devised the form of discharge tube 
shown' in Fig. 13. A and B are two thick metal 
discs, which fill the cross-section of tlie tube and 
thus separate it into two main portions. Botli these 
metal discs or diaphragms are earthed by the side 
connection shown. A negative potential is applied 
to the electrode C, and a discharge is established in 
the left-hand end of the tube; thus A acts as anode 
and C as cathode. The electrode C is flat, with its plane 
perpendicular to the axis of tlie tube; as a result the 



Fig. 13,—^Thomson*s apparatus for producing an electron jet. 


cathode rays generated due to the high exhaustion are 
projected parallel to the axis, and some of them, instead 
of being stopped by the anode A, pass through the 
slit cut in it. These rays that pass through meet B; 
but the slit in B, though narrower, is parallel to that in A, 
and therefore a good proportion of the rays will con¬ 
tinue in their motion, and form a jet which travels 
axially along the large right-hand deflecting chamber 
of the tube, eventually bombarding the glas^ and causing 
fluorescence thereon at p. 

Note first that the discharge is confined to the cathode 
end of the apparatus, and therefore the rays travelling 
in the remaining portion of the apparatus are inde¬ 
pendent of this discharge (except in so far as they are 
generated by it). Secondly, due to the use of the fine 
slit in B, the jet of rays which emerges into the deflecting 
chamber is in the form of a flat strip or thin ribbon; 
the fluorescence produced on the glass at p therefore 
takes the form of a short band or line of light, which 
in its middle portion at least is narrow and sharply 
defined. It is possible then to make accurate measure¬ 
ments of motions of this line " indicator the direction 
perpendicular to its length. « 

The electrodes D and E form a condenser for proiiucing 
an electric field through which the electron jet must 
pass and which pFoduqes a deflection of the jet in the 
required direction. They are placed^inside the apparatus 
to avoid screening due to cpnducticm on the'surfaces 
* SeeBibl!ograp^»(67). 


of the glass walls [see Section III, A, 3, (6), (iii)]. A 
deflection may also be produced by means of a magneuc 
field applied perpendicular to the axis of the tube. 

(4) BRAUN'S APPARATUS, 

The first application of cathode rays to commercial 
measurements was made by Prof. F. Braun,* also 
in 1897. This apparatus was much larger than 
Thomson's and yet simpler in design; it is shown 
in Fig. l i, K is the cathode, a plane disc perpen¬ 
dicular to the axis of the tube, as before. The anode 
A, however, is removed to a side tube, so that it 
is -entirely clear of the path of the rays. There is 
only one diaphragm, C, of metal (aluminium or tin-foil) 
and it is left insulated ; instead of a slit it has a circular 
hole (about 2mmdiam.). Thus the important result 
is secured that the jet of rays issuing from the hole and 
ti-avelling down the tube is cylindrical. Another 
important modification is the introduction of the 

fluorescent screen," a mica plate D coated on the side 
bombarded by the rays with a fine layer of mineral 
substance, chosen for its very intense fluorescence under 
cathode-ray bombardment. This screen then shows a 
bright round spot of light where the cathode-ray jet 
falls upon it. and it is possible to measure deflections 
of it in any direction across the screen; that is, the 



Fig. 14.—Braun’s apparatus for producing an electron jet. 


instrument gives two-dimensional indications and there¬ 
fore is a true cyclograph. 

(C) Alternative Means of Producing the Electron 
Jet. 

* 

^(1) limitations of the gaseous discharge. 

Consideration of the theory of the discharge in 
the cathode-ray tube (see Section III, A, 2) shows 
that the supply of electrons in a free state, i.e. 
available for the production of cathode rays, is an 
integral part of the mechanism of the discharge. Thus 
with the type of discharge so far discussed there 
are several severe limitations on the operating condi¬ 
tions. The gas pressure must be redut^ed to quite 
a low value (compared with the"* relatively wide 
rUnge of values over which the glow,j(discharge pheno¬ 
mena are exhibited)^ At this pressure the gas has 
passed far beyond its point of maximum conductance, 
so that a high P.D. is necessary to product a satisfactory 
electron jet in the apparatus; further, the resulting 
high velocity of'^the jet renders it comparatively in¬ 
sensitive to deflection, especially by electric fields (see 
Section XI, B, 3), and so restricts the utility of the 
instniment in practical engineering. Further, tlie dis¬ 
charge in the tube carries only a minute current, and in 
spite of the high velocity fiis limits the amount of 
power carried by the jet and hence its ability to produce 
records with high velocities of traversal. 

• Bibliogiapliy, (68 and 6§)* 
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It is necessary also that the gas pressure shall remain 
>?Jithin certain close limits—a ratio of 1 : 3 is quoted as 
the average permissible range of variation. This neces¬ 
sitates great care in the construction of cold-cathode 
instruments (see also Section IV) if they are to maintain 
satisfactory operation ov^ a reasonable period. . 

(2) ALTERNATIVE SOURCES OF ELECTRONS. 

From these considerations it will be realized that 
any device which provides a source of free electrons 
at the cathode of the discharge apparatus will enable 
some of these limitations to be overcome. There '^e 
many of the radioactive substances that emit j8 rays, 
which are electrons ejected from the active substance. 
If, therefore, the cathode surface were covered 
with a layer of suitable active material, the desired 
free electrons would be provided, independent!}?- of 
the discharge conditions. I'he electrons are, however, 
ejected from the material with velocities usually 
much higher than those of cathode rays produced 
by the gas discharge; the problem of harnessing 
these and directing them down the discharge tube 
at any desired velocity presents great experimental 
difficulties. Further, the quantity of electrons obtain¬ 
able from such a source, bearing in mind the cost in 
relation to the requirement of a cheap, practical instru¬ 
ment, is certainly too small to permit of selection of 
the minute fraction that would be passed by a dia¬ 
phragm such as is used with the cathode rays. Additional 
complications requiring to be guarded against aie the 
emission of a rays, causing deterioration of the apparatus, 
and of y rays, involving danger to the operator of the 
instrument. 

Alternatively, by making the cathode of a suitable metal 
and subjecting its surface to electromagnetic radiation, 
electrons may be .released from it by virtue of the 
photo-electric eifect. These “ photo-electrons ” have 
small velocity and so are available for conversion into 
cathode rays by an accelerating voltage in the^usual 
mamigr. l^nfortunately, however, the supply of*elec- 
-txons obtainable from a surface of reasonable size is too 
meagre for prabtical use. 

e (3) THERMIONIC EMISSION. 

Many experimenters from 1726 onwards have made, 
observations on the electrification produced by hot 
bodies. El#ter and Geitel (1882-89) investigated the 
effect as produced by incandescent metal wires, and 
showed that th^ results were complicated by effects 
of the gas surrounding tlie wdrg, and other causes. 
Thomson first eliminated these extraneous effects by 
using a disclfhrge vessel continuously exhausted, and 
showed that in a high vacuum a metal when first 
heated emitted a small quantity of positive electricity, 
but on being raised in temperature it emitted negative 
electricity at an ever-increasing rate. Edison, Preece 
■(1886) and Fleming (1890, 1896) noted and studied a 
similar effect witli carbon filaments of electric lamps. 

J. J. Thomson * (1899) measured the ratio of charge 
to mass of the .negative carriers emitted by an incan¬ 
descent carbon filament in a high vacuum, and showed ^ 

* S?e Bibliography, (70). 
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that they were of the saAe nature as the carriers in the 
cathode rays, i.e. free electrons. ® 

Webnelt (1904) found that the emission of negative 
electricity from certain salts, notably oxides of the 
alkaline earth metals, wras of much greater magnitude 
than had been noted with other substances. 

(4) INTRODUCTION OF THE HOT CATHODE. 

(a) Effect on the discharge. 

It has been shown (see Section III, A, 2) that in the 
gas discharge the region of gas fn^the neighbourhood of 
the cathode is rich in positive ions but poor in negative 
ions, this being the condition that gives rise to the 
cathode fall of potential. 

Schmidt f (1903) show’^ed experimentally that if by 
any convenient method negative ions are introduced 
into this region, so preventing this impoverishment, 
then their presence results in a low^ering of the potential 
drop at the cathode. 

Wehnelt % (1904) used calcium oxide or barium oxide 
mounted on a strip of platinum foil arranged to be 
heated by an electric current; tliis device, sealed into 
a discharge tube and connected as cathode, ser;ved as 
a plentiful source of negative ions when heated, due to 
tlie thermionic emission described in the previous section. 
With this hot cathode ** the potential drop at the 
cathode may be reduced to a few volts, whereas its yalue 
with a cold cathode,'* when penetrating cathode rays 
are being produced, is many Idlovolts. Thus with 
the anode placed close to the cathode (to eliminate the 
positive column) a current could be sent through the 
discharge tube with a P.D. of little over 20 volts. 

Wehnelt § further showed that by increasing the 
P.D. applied to his discharge tube, and at the same 
time limiting the thermionic emission of his cathode 
(by control of its temperatiure), the rate of disappear¬ 
ance of negative ions caused by the passage of the 
current could be made to exceed the rate of emission; 
by this means a potential-drop could be re-established 
at the cathode, of any desired value, depending upon 
the amount of surplus P.D. applied to the tube. By 
this means, therefore, it was possible to produce cathode 
rays of any desired velocity (since their velocity is 
dependent on the electric field that accelerates them, 
and therefore on the cathode fall of potential). 

It is important to note that the function of the hot 
cathode applied to the discharge as above described is 
really of the nature of a s-timulant to a mechanism 
already existent; for although the hot cathode certainly 
introduces electrons by virtue of its own thermionic 
emission, the discharge is stiH being carried largely by 
gaseous ions. The increase in the current carried in 
the discharge is due not so much to the electrons liberated 
and accelerated by the applied P.D. as to the extra 
ionization that these produce. ^ In fact, there is always 
a strong tendency for a discharge of this tyjfe to develop 
into ^n arc discharge. In this connection Wehnelt 
states that it is not advisable to use a P.D. higher than 
1 0Cy[) volts in his apparatus (see also the next Section) 
as otherwise the intense positive^ ^on bombardment 
causes qathode Td.y». to come off from that part of the 

• • i 

♦ See Bibliography, (7i)» t (72). % Ibid., (71). 
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platinum strip that is bar8, resulting in bad dis¬ 
integration. ^ 

(6) Wehnelfs^ apparatus. 

In 1906 Wehnelt* designed an electron-jet instisument 
incorporating the hot-cathode device previously de¬ 
scribed ; this is shown in Fig. 16. K is an edge view 
of the platinum strip, stretched between two supporting 
wires ; A is a, metal diaphragm which serves also as 
anode; S is a screen coated with fluorescent material, 
as used in Braun^s ^apparatus. and C 2 are two 
condenser plates for^ electrostatic deflection of the jet, 
as used by J. J. Thomson. The strip K carries on its 
side facing the anode a spot of lime, about the size of 
a pin^s head; and when a P.D. of a few hundred volts 
is applied between the hot cathode and the anode an 
intense stream of cathode rays is emitted from the lime 
spot, their path being marked by a bright blue line 
showng ionization of the residual gas. 

Since the width of the strip of platinum is greater 
than the diameter of the electron source, i.e. the lime 
spot, the intense field at the cathode surface will not 
depart much from perpendicularity to the surface; this 
is the»more true, the higher the cathode fall of potential 
that is used. As a result, then, the rays are given the 



Fig. 16.—^Wehnelt's apparatus for producing an electron jet. 

bulk of their momentum perpendicular to the cathode 
surface, and so tend to form a parallel beam of diameter 
corresponding to that of the lime-spot source. 

Thus, limiting the size of the lime-spot source con¬ 
tributes dually to the fineness and intensity of the 
cathode-ray stream produced by the apparatus, inde¬ 
pendently of the use of a diaphragm—“first by limiting 
the initial diameter of the stream, and secondly by 
ensuring that the effective part of the accelerating field 
shall be more nearly parallel. 

With the gas pressure in such a discharge tube reduced 
to a sufficiently low value, in the neighbourhood of 
10 millionths of an atmosphere, aS^for the cold-cathode 
discharge, the absorption of the rays by the residual 
gas is decreased, and a fi.ne pencil of them passes through 
the aperture in the electrode A, forming the electron 
jet.*' 

(6) NEW PROPERTIES OF THE ELECTRON JET. 

Wehnelt (1906) first demonstrated the enormous in- 
. crease in sensitivity that could be obtained from a jet 
instrument when fitted with his hot lime-spot cathode, and 
run on a lower P.D., and showed that it was due to the 
lower velocity of the catLode rays as compared with those 
, of the Braun tube previously used (see also Appendix). 

. This increased sensitivity of the electron-jet instrument 
greatly enhances its utility for all manner of investi¬ 
gations. An additional advantage is the lower P.D. 
used on the instrument—^it beconjes possible ^to run it 
from public mains, or even#from batteries—so that the’' 

♦ See Bibliogi;jpliy, (74). 


complete apparatus may be made' portable if desired; 
for a small accumulator suffices to supply heatiilg 
current for the cathode strip. The independent source 
of electrons also enables the current carried by the 
discharge, and hence the intensity of the electron jet 
produced, to be increased at will independently of the 
P.D. used, thus increasing the power available in the 
jet for registration purposes. 

There are disadvantages, however, in the use of a 
low jet velocity, primarily because of the absorption 
of the rays by the residual gas in the apparatus. 
Glasson (1911) found that the ionization produced by 
an, electron per unit distance travelled was inversely 
proportional to the square of its velocity—^thiis by 
decreasing the velocity of the jet in the ratio of 10 : 1, 
as is possible in changing from a cold-cathode to a hot- 
cathode instrument, the ionization per unit distance is 
increased in the ratio 1 : 100. However, not all of the 
collisions of the electrons with molecules are productive 
of ionization, so that the disparity between the absorp¬ 
tions of slow and fast rays will not be so great. The 
effect may be observed even in the cold-cathode tube 
with a higher gas pressure [see Section III, A, 1, (c)]—the 
cathode rays, so long as their speed remains high, pursue 
an even course ; as they slow down they become more 
and more liable to deflection by the encountered mole¬ 
cules, until finally they lose so much energy as to be 
indistinguishable as cathode rays. 

There is a further cause contributing to the ** loss of 
entity of an electron jet, and that is the divergence 
or scattering of the jet due to the mutual repulsion of 
the lilce-charged electrons. It is shown in the Appendix 
that the rate of increase of diameter of the jet is a 
function of time, and that a slow jet shows a larger 
scattering than a fast one, due to its longer time of 
transit from source to screen. 

(D) The Pure Electronic Discharge. 

’ (I) ELIMINATION OF THE POSITIVE ION. 

The values of thermionic currents from heated sub¬ 
stances obtained by different observers had varied 
between wide limits. Moreover, the substances usually 
worked with (platinum and carbon) are so difficult, 
to free completely from absorbed gas that it was 
thought the emission phenomenon might be closely 
bound up with the presence of gas in the metal— 
as indeed it is in the case of positive i,on bombard¬ 
ment. It seemed, therefore, that -with tlie cleaner 
conditions, i.e. greater freedom frogi gas, that could 
be realized with the use of tungsten, the thermionic 
currents might cease altogether. In fact FI. A. 
Wilson (1903) stated the probability^ that a pure 
platinum wire heated in a perfect vacuum would not 
discharge any nTeasurable quantity of electricity, either 
positive or negative. The experiments of Langmuir, 
however, were reassuring—^he found that after a certain 
high degree of exhaustion had been reached, the ther¬ 
mionic currents increased up to a certain limiting value 
as the tube became freer and freer from gas. 

Coolidge (1913) when working even with tungsten 
electrodes in a tube designed so that the electrodes 
could be heated in situ^ to very high temperatures. 
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found that the positive ion elTect would persist for 
hSurs, disappearing completely, however, as the •elec¬ 
trodes became sufficiently freed from gas. He pointed 
out also that although the idea of using a hot cathode 
was not new (e.g. Wehnelt's experiments, see previous 
Section) the principle had not previously been applied 
successfully in such a high vacuum that the positive 
ions did not play an essential r61e. Thus in his hot- 
catliode X-ray tube Coolidge * used a filament of 
tungsten wire as cathode, which with a temperature 
range of 1 890*^ to 2 540° K. produced a sufficiently 
copious supply of electrons (up to 40 mA could be 
passed through the tube), the amount being depend^t 
only on the temperature of the filament, and inde¬ 
pendent of the vacuum conditions. In other words, 
gaseous conduction played no part in the discharge, 
the current being carried wholly by the electrons 
liberated at the cathode. To secure this result great 
care was necessary in the exhaustion of the tube—the 
heating to incandescence of the electrode in situ, and 
the baking of the glass envelope while being exhausted ; 
the pressure reached did not exceed a few hundred 
millionths (I x 10~"®) of an atmosphere. 

(2) ADVANTAGES OF ELECTRONIC DISCHARGE. 

One of the main advantages of securing satisfactory 
operation of an electron-jet instrument with a purely 
electronic discharge is that since the residual gas is 
no longer required to play any part in the discharge 
it may be removed as completely as manufacturing 
technique will allow. Thus one of the chief obstacles 
to the successful use of low-velocity jets, viz. the 
absorption of tlie ** rays ** by the residual gas, is 
removed. Practically, however, there are other factors 
of even greater importance. The Wehnelt type of 
cathode is not a satisfactory device for use in a 
commercial instrument—^it shows fatigue effects, 
and it emits gas, so that it is not possible with it 
to reach the high vacuum necessary for a •pure 
electromc discharge. These disadvantages are doubtless 
due l^gely to the positive ion bombardment that 
necessarily accompanies the gaseous discharge. 


PART 2. 

DEVELOPMENT OP THE ELECTRON-JET 
• ^ INSTRUMENT. 

(IV) THE C€)LD-CATHODE INSTRUMENT. * 

. The apparatus described by Bfaun t (1897), which 
has been descjibed (Section III, B, 3), was used by Tiim 
first as an oscillograph with onerdimensional defection 
of the indicating spot of light viewed lArough a rotating 
.mirror.^ Subsequently he used the instrument as a 
cyclograph for investigating phase relations with 
polarized electrolytic cells. With this method he 
obtained stationary curves on the fluorescent screen 
(as explained in Section I). Electromagnetic deflection 
of the jet'was used; Braun says little about experi¬ 
mental difficulties in the use of this new apparatus, 

♦ See Bibliography, (75 and 76). t Ibid,, (68 and 69). 


the satisfactory construction of the tubes being left in 
the hands of the makers, Herr FranS Muller, of Bonn. 

Two years later Zenneck * sent to the same manu¬ 
facturer for-cathode-ray instruments, and as a result 
of his •use of them made certain improvements in the 
design. He used two separate diaphragms in place of 
one, and used a metal plate with a hole in it, like a 
diaphragm, as the anode instead of the small electrode 



Fig. 16.—^Zenneck’s tube. 


in a side tube. Thus in effect the rays are ** stopped- 
down three times instead of once (see Figs. 16 and 17). 

The tube was used as an oscillograph with a uniform 
time deflection applied to the electron jet; the resulting 
wave curves were recorded by photography with an 
ordinary camera. The exposure required was of the 
order of 10 mins., and in -order to shorten this time 
Zenneck tried to get a brighter spot on his screen by 
faster running of the electrostatic machine that supplied 
the tube. This led to a troublesome unsteadiness of 
the discharge and flickering of the ray. This ""was 



Fig. 17.—Zenneck*s cathode. 


largely remedied by the use of an insulating backing to 
the cathode as shown. 

Milham f in 1901 used a tube made by Muller-Uri 
to Zenneck's design for measuring electric fields 
(between external deflecting plates), but trouble was 
experienced with obtaining a steady electrostatic 
deflection of the jet " due to ionization of the residual 
gas.'' 

^ In 1902 one of •the present authors J designed a 



Fig. 18.—Cossor tube. 


modification of Prof. Braun's apparatus, and demon¬ 
strated its use for the determination of the maximum 
value of an alternating current.,. This tube incorporated 
Zenneck's impfovements, including a catljode with a 
glass shield, and waS smaller and therefore more com¬ 
pact than the original tube; it was manufactured by 
Cossor (see Fig. 18). 

In 1903 Ryan§ reported his work on wave-forms 
using thg cathode-ra^ tube on the cyclographic method. 

♦ See BibHography, (77j. t (78). t Ibid., (1). 

^^bid.^ (79). 
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He had found that the tubes^n the market were alto¬ 
gether too small to 4?>c of practical use/' He required 
the fluorescent screen of double the size (i.e. 6 in.) 
and in 1900 af^er many trials Muller-Uri of B3:aunschweig 
succeeded in delivering two tubes with screens ^6 in. 
diam. (see Fig. 19). These large tubes proved unsatis¬ 
factory at the outset, giving an intermittent cathode- 
ray jet; this trouble was traced to corona and external 
leakage of the lygh-tension supply, and was overcome 


held in place by a metal screen (as shown in Fig. 21). 
He also introduced the tubular t 3 rpe of anode (servii3g 
also as diaphragm, like Zenneck's arrangement). 

Roschansky used in his tube, for the first time since 
J. J. Thomson's experiments, electrostatic deflecting 
plates mounted inside the vacuum ; these were shielded 
at each end with diaphragms having holes large enough 
to allow passage of the deflected jet. The axial focusing 
coil was also used (see Fig. 20). 



by a thick jacket of solid insulation (ebonite discs 
sealed on with paraflin wax, surrounding the cathode 
end of the tube). The trouble would probably have 
been avoided by making the tubes with an extended 
glass neck at each electrode, as is the practice with 
X-ray tubes.’ 

Rankin * in 1905 used a Miiller-Uri tube similar to 
that^used by Ryan. The tube was fitted with an 


For his work on the spark excitation of " undamped " 
waves Chaffee * (1911) imported MuUer-Uri tubes from 
Germany. These, however, he altered, inserting a ring 
anode and substituting a glass diaphragm in the form 
of a truncated cone, having a hole about J mm diam. 
Condenser plates for electrostatic deflection were also 
mounted inside the tube. The tube was kept con¬ 
nected to a pump, and the best condition of vacuum 



osmosis vacuum regulator, to enable the vacuum to be 
softened and so avoid the use of, too high a P.D. on tlie 
tube which results in flickering of the jet. The tube 
was worked with a P.D. of from 17J to 20 kV. 
Rankin also investigated the eflect§ of using a con¬ 
centrating coil " with the tube. ^ 

In 1911 Ryan t reported further use of the large 
Miiller-Uri tube, operating on an excitation of 10 kV. 
Successful use was made of external condenser plates 
for producing electrostatic deflection of the electron 
jet for both components, the apparatus being used as 
a cyclograph. This js the first use of the electron- 
jet instrument for measuring power losses in high- 
tension circuits. 

Roschansky { in 1911 experienced a flickering of the 
jet in the cjpld-cathode "tube when driven with a high 
P.D. He was studying the osciUalpry spark discharges 
of a condenser, and since these involved high-freqhency 
variables it was ' essential to have a j steady jet. 
Roschansky traced the trouble to the region of’the 
exhausted tube befiind the cathode disc, as Zenneck 
had done, and filled this sp|Lce wfth» crumpled fin-foil 

* See Bibliography (SO and 81). ,t nid,?{82). $ Ibid., (88). 


A 

was that which gave a ray bundle ;about 1 mm in 
diameter at the cathode. Excitation was at 29 kV. 

Minton t (1916) found that the tubes on the market 
that had been developed and used by previous investi¬ 
gators (see Fig. 22) were not satisfactory for his purpose, 



which was to develop a method of testijig that was 
suitable for commercial routine, together with appro¬ 
priate apparatus that would be sufl5ciently constant 
and dependable, “ ready for use at any tim^, just like 
» a galvanometer is.*' In this connection steadiness of 

* See Bibliography, (84).. . t (86 and 88). 


1076 


. MacGREGOR-MORRIS and MINES: measurements IN 


vacuum conditions is one of the essential factors. Some 
workers had obtained this by prolonged baking (ff the 
tube while on the exhausting pump, but tubes so treated 
showed the flickering of. tlie jet to a greater extent than 
before. 

Ryan (3908) had found external discharges and 
eliminated them by a jacket of solid insulation, and 
Rankin (1905) had used a tube with an osmosis regulator 
which eliminated the necessity for using an excessive 
exciting P.D. However, Zenneck (1899) had dis¬ 
covered that discharges took place inside his tube, 
apparently between the cathode and the glass. To 
avoid this the cathode was set in a close-fitting gli.ss 
sheath ; l:)ut Minton found the trouble still present with 
this arrangement. Again, Roschansky in 1911 had 
tried to eliminate the trouble with tin-foil leaves that 
would conduct away the charges. 

Minton found that his early tubes, which, due to 
lack of careful exhaustion, tended to soften (in vacuum) 
with use, were free from this defect. Evidently the 
film of adsorbed gas which remained on the glass 
surface of such tubes constituted a sufficient leak for 
the charges that accumulated. It was then found 
possible by means of a proper adjustment of the heat 
treatment given to the tubes during exhaustion (i.e. 
J hour at 360° C.) to effect a satisfactory compromise, 
** thus attaining steadiness of vacuum for several 
hours" continiious heavy operation, while leaving on 
the glass sufficient gas film to conduct away the 
charges."* 

In 1914 Dufour * proposed using the electron-jet 
instrument for recording extremely rapid transient 
phenomena, and pointed out the necessity of developing 
an instrument sufficiently powerful to produce the 
required permanent trace with a single transit of the 



^Fig. 22,—Comparison of cathodes (after Minton). 


jet across the recording plate, and showed how high 
the velocity of this transit may be expected to be (up 
to 3 km per sec.)^ 

In 1918 Dufour described his first apparatus designed 
to carry out this^idea (see Fig. 23). In his discharge 
tube for producing the electron j elf there was no radical 
departure frona the practice of Ms predecessors. How¬ 
ever, liberal length was allowed, for the glass stem 
supporting the cathode, for the discharge volume 
(betwe^ cathode and anode), and for the anode itself, 
which was tubular and carried a diaphragm at each end. 

The appai^atus was kept connected to the vacuum 
pump, and tide gas pressure correctly adjusted—on the 
one hand to take ad vantage,of the high P.D. to secure 
a fine and intense trace, and on the other hand to pre¬ 
vent the occurrence of discontinuity of tiie discharge 

♦ See Bibliography, (87 *88 and 89). 


(giving a flickering jet) <and brush discharges on the 
external conductors. » 

In 1922 Dufour described an attempt at a “ double ** 
instrument.. In this apparatus there ar^ two similar 
discharge tubes, each complete with anode-diaphragm, 
mounted in inclined positions on the two branches of 
a Y-tube (see Fig. 24). The two electron jets pro¬ 
duced are first separately acted upon by their respective 
deflecting fields, then, further on in tfieir paths, when 
they have approached each other fairly closely, they 
are turned into parallel direcjjons by small electro¬ 
magnets. The two discharge iwbes are found to 
function simultaneously when a liquid resistance is 



connected in series with each cathode. Experience 
shows, however, that the operating conditions will 
never be identical in the two discharge tubes, and the 
resulting inequality of the sensitivity of the two rays 
renders it impracticable to use a double instrument 
for high-frequency work, in which the jets must 
respond to a number of auxiliary deflecting fields. 

For his preliminary work, Dufour used a higher P.D. 
than previous workers, viz. 30 kV. In extending the 
frequency rang^ of his oscillograph, however, if: was 
necessary to increajje this up to 60 kV, giving an 
incre^ed intensity of jet that would compensate for 
the Mgher velocity of traversal across the photographic 
plate. However, at the highest frequencies tried a 
definite limit was found—not because of insufficient 
power; in the jet#to give^a readable record with the 
high velocity of travers^, but because of too great an 
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intensity. For with the coJd-cathode discharge the 
current carried by^the jet increases faster than its 
velocity, hence with increased power on the tube the 
electron density increases, and this gives rise to in¬ 
creased “ scattering ” of the jet (see Appendixes, 6), 
and a point is reached where the blurring and faint¬ 
ness of the trace due to this cause more than counter¬ 


diaphragm was made in two parts, with a shielded 
opening round the outer edge to allow free passage bf 
gas during exhaustion. The tube was baked at 350® 
to 400® C. in an electric furnace while connected to 
the pump, the optimum point being reached with the 
dark space extending 0-2 to"l-2 in. from the cathode, 
corresponding to a gas pressure of from 4 to 13 mil- 










II 

n c 


Fig. 24.—^Dufour's discharge tubes. 


balances the gain due to the increased velocity of and 
current in the jet. 

Hull * (1921) concluded that the flickering troubles 
associated with charging of the internal surface of the 
glass were due to tlie influence machine largely used 
by previous investigators for exciting the cold-cathode 
instrument, and found that the difficulty was reduced 
to a minimum by using a steady source of high-tenision 
power, such that earthing the anode and also an 
electrostatic shield surrounding the tube in the neigh¬ 
bourhood of the screen were sufficient to stabilize the 
conditions of discharge and electron flow down the 
tube. The high-tension supply was derived from a 


lionths of an atmosphere. With an applied P.D. of 
10 kV the current was 60 to 500 ju,A. 

(V) THE HOT-CATHODE INSTRUMENT. 

(A) With Lime-SpotCathode. 

The first electron-jet apparatus to incorporate a “ hot 
cathode*^ (i.e. using thermionic emission to stimulate 
the discharge) was that of Wehnelt ♦ (1905) ; this has 
already been described [Section III, C, 4, (5)]. The 
outstanding advantages gained by the use of this 
apparatus are the production of a very intense electron 
jet (due to the heavy electron emission from the hot 


Cathode 

'SZ 


Anode S 
diaphragm 


Electrostatic 
deflecting plates 



Fig. 25.—^Hull's cold-cathode tube. 


step-up transformer running on alternating current 
and two Kenotron Jdiode) rectifiers, and was taken 
tlirough a smoothing circuit (consisting of two 0*04 /iF 
condensers and a 5H inductance, with the Tr-connection). 
The arrangement was thus little different firom Minton’s, 
who used a mechanical.^ (rotary commutator) rectifier, 
and a plain stabilizing resistance instead'of a smoothing 
circuit. , , . 

Hull used a polished concave cathode having a 
radius of curvatuire somewhat less than the distSince 
to the screen (see Section VI, C, 2), and a diaphragm 
with a very fine hole 0*01 in. diamT (jjee Fig. 2if). The 
* SefrBibliograpliy, (IKQ* 


lime) combined with a much greater sensitivity to 
deflection (due to thb low jet velocity). 

About 1909 A. G, Warren, F. Murphy and one of 
the authors worked in the same direction. A standard 
Braun-Wehnelt apparatus was first tried, but had 
soon to be abandoned as it proved incapable of giving 
consistent results. The chief experimental difficulty 
encountered was clean up ” or hardening of the 
vacuum (reduction of gas pressure) taking place 
simultaneously with the discharge. As a result of 
this the cathode emission diminished, thus further 
c emphasizing the loss of positive ionization, so tliat 

s ♦ See Bibliography, (74), ^ 


VOL. 63, 


71 
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the instrument rapidly became unworkable. It was 
fftund that if any reasonable constancy of enussion 
was to be obtained, it was necessary to keep the gas 
pressure constant and^ as low as possible,, obtaining 
the necessary emission by coating the cathode. 
FxDTther than this, the emission was found to be deter- 
ndned chiefly by the physical condition of the electrodes 
rather than the controllable variables mentioned above. 
In fact it has been more recently established by 
Ratner * that the gas which functions in these pheno¬ 
mena is not so much the free gas in the apparatus as 
the adsorbed gas and the absorbed gas. 

Subsequently a new apparatus was built, designed 
to be kept connected to the vacuum pump (see 
Fig. 26). It was found necessary to make the cathode 
adjustable, so that the platinum strip carrying the 
lime spot could be tilted both horizontally and verti¬ 
cally. Dr. Willows kindly assisted these investigators 
in the technique of producing the lime-spot cathode. 
Also the fluorescent layer was carried on the inner 
surface of a cover plate which closed the large bulb 
of the apparatus (with a ground joint). It was thus 
possible to renew the active material when it became 
fatigued. A reasonable spot ” was obtained which 
did not break up on deflection. Unfortunately at this 
promising stage the work had to be left. 



Willows and Picton f (1910) investigated the Wehnelt 
t^e of cathode, its behaviour under different condi¬ 
tions of operation, and its alteration with time. Lime 
heated on platinum foil showed not fatigue but on the 
contrary a considerable increase in activity, up to nine¬ 
fold with P.lD.*s^ greater than the saturation value, and 
up to twofold with lower P.D.'s. When heated on nickel 
foil the lime shewed an increase in activity to a ma^d- 
mum, followed by a decrease, vMi the higher P,D.*s ; 
with the lowgr P.D.^s its behaviour was similar to that 
with platinum. No connection could be determined 
between the activity and the quarj^ty of electricity 
passed. On first starting a discharge great irregularity 
was shown; other causes than temperature, such as 
mechanical vibration, greatly inlluenced the emission of 
ions. ^ 

The lime coatings used in these experiments were 
examined-under the microscope, and were found to 
be very adherent to the platinum--in fact it was^ 

* See BibKpgraphj, (91). t Ibid., (92). 


impossible to free the platinum ^gain from the activity 
with which the lime endowed it. This effect was 
attributed to diffusion of the lime into the platinum. 

Knipp and Welo * (1916) used an electron jet instru¬ 
ment* (see Fig. 27) as a magnetometer ?or measuring 
the earth's field. To obtain the necessary sensitivity 
a hot cathode of the Wehnelt t 5 rpe was used. Records 
were obtained by direct registration of the jet on a 
photographic plate mounted in the vacuum chamber 
(see Section VII, B); and although the photographs 
show the width of the spot to average about 10 per 
cent of the deflection, an accu/a^y of measurement to 
within 0 • 3 per cent was claimed on an average of seven 
readings. 

An additional reason for the use of a lime-spot 
cathode for this work was the necessity for obtaining 
a definite jet of sufficient range without the use of 
diaphragms (since the whole instrument is immersed 
in the deflecting field ") ; this was found possible 
when the spot of lime (ignited sealing wax) did not 



Fig. 27.—^Apparatus of Knipp and Welo (general 
arrangement). 

exceed 0*02 cm (8 mils) in diameter. The cathode 
was mounted on a double ground joint (see Fig. 28) 
permitting adjusthaent (tilting) in two directions— 
the two adjustments were found necessary for producing 
a weU-defined indicator; this was usually a drawn-out 
band 2 or 3 cm in length (in the plane of the platinum 
strip). In passing between the two electrostatic 
deflecting plates mounted in the apparatus the stream 
of electrons was not narrow, but spread out, and only 
a bluish glow was visible. Be;^ond the plates, how¬ 
ever, two converging streams could be seen, these 
generally crossing at the further end of the tube. The 
position of. crossing depended on the heating current 
supplied to the cathode, frequently mdre than one 
value being found* which would give a satisfactory 
result; the lower temperature was usually chosen, 

The < above-described behaviour- of the discharge 
indicates strongly the presence of*‘an ''ionic focusing 
effect,'*, similar Jjs, principle to that developed by 

^ and 94). 
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Johnson (see Section VI, C, 2), •The exhaustion of the 
tube was assisted wi4h a charcoal trap inamersed in 
liquid air. The gas pressure actually used in nnairing 
measurements ^s not given, but the statement is made 
that the Wehnelt cathode ceases to act if the pressure 
is less than about one millionth of an atmosphere. It 



Fig. 28.—Adjustable lime-spot cathode used by ICnipp and 
Welo. 



was found best to renew the lime for each exposure, 
and, owing to the difficulty of mounting a new spot of 
such small size immediately over the old one, the 
platinum strip had to be renewed also. In both the 
preliminaiy and the final forms of the apparatus 
the anode was mounted behind the cathode, and the 


•I 

similar to tlie foregoing (see Fig. 29). The cathode 
was a gimbal-mounted platinum strip carr 3 nng a lime^ 
spot; the lime used for this was mixed with a little 
barium nitrate to. facilitate applhjation as a paste, and 
to ensure a longer life. The anode was annular in 
form and mounted quite close "(about 1 cm) in front of 
the cathode; in addition it was found necessary to 
use a diaphragm (which was placed beyond the mag¬ 
netic deflecting field) to cut off extranwus light from 
the hot cathode strip, and also to stop down the 
divergent jet. The P.D. used to operate the instru¬ 
ment was 300 to 400 volts, and it was found advisable 
to l^ive the fluorescent screen as close to the cathode 
as was consistent with the sensitivity required of the 
apparatus. 

It was necessary to maintain a very low gas pressure, 
exhaustion being assisted with charcoal in liquid. air. 
The hot lime cathode gives off gases quite freely, 
necessitating constant pumping if the instrument is to 
be used for any length of time. 


(B) With Bare Tungsten Filament. 

Coolidge * (1918) demonstrated the practicability of 
using a pure electronic discharge, producing, in fact, 
cathode rays in his hot-cathode X-ray tube. The hot 
cathode (see Fig. 30) was an electrically heated filament, 
made from tungsten wire 0-216 mm diam,, closely wound 
into a flat spiral and mounted inside a coaxial focusing 
hood (see Section VI, D, 3) whose bore was 6*3 mm. 
With an input of 23 watts for heating, the temperature 
attained "was 2 540® absolute, and the emission current 
(constituting also the discharge current) was 40 mA. 

Samson f (1918) applied the principle to the electron- 
jet instrument. His hot filament was made also of 
tungsten wire (0-2 mm diam.), wound spirally and 
mounted in a hood, and the maximum emission current 
obtained was about 10 mA. The first instrument con¬ 
structed (see Fig. 31) was kept connected to the 
vacuum pump, and exhaustion .was continued until 
an 8-inch spark coil failed to pass a discharge (with 
the cathode cold). The instrument was equipped with 
an aluminium diaphragm 2 mm thick and having a 
1-mm diam. hole; this served also as anode. The 



successful working obtained with this ^arraoigement 
demonstrated clearly the important part played by^he 
fall of potential at the cathode in accelerating the 
electrons. The totayP*D. applied to* the apparatus 
from 800 to 1 000 volfS. 

Crooker (1918) constructed an ir&tarument .OB l^es 

. . * See Bibliography, (95). 


accelerating P.D, used varied from 1-5 to 9 kV, and 
an axial coil was used to help to focus thq jet. 

The second instrument built (see Figs. 32 and 33) was 
sealed off and hence portable; exhaustion lasted for. 10 
hours, during which time the whole apparatus was baked 
366° C., the filament also being kept glowing. When 

♦ See Bibliography, (76 and 76)., . flbid.^ (66)=, 
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forking subsequently the path of the electron jet was 
absolutely invisible, demonstrating the absdhce of 
ionization. In this instrument the diaphragm was 
placed nearer to the anode (5 cm distant) and was made 
of nickel on account of its higher melting point. Two 
condenser plates for electrostatic deflection of the jet 
were mounted inside the apparatus; two diaphragms 



Fig. 30.—Coolidge's hot cathode. 


were connected to the* anode and earthed. Focusing 
of the spot was secured by adjustment of the accele¬ 
rating P.D. (normal value 5 kV), and by axial rotation 
of the cathode, which was mounted^, on a ground 
stopper for the purpose. 

Wood * (1923) built an instrument on the same lines 
as that used by Keys. After trying different arrange¬ 
ments of filament, hood and anode with a view to 
solving the focusing problem (see ^so Section VI), 
the -Coolidge type of cathode and the fine tubular 
anode were adopted. A plaip tungsten filament was 
first used, but a filament of "the coated t 3 q)e was 
preferred. 

Wood developed his instruments into a robust form. 


were placed one at each end of these plates, with holes 
8 and 10 mm diam. respectively, in order to prevent the 
emission of ** secondary electrons.’' In this case also a 
focusing coil (of 500 ampere-turns) was used, placed in 
the plane of the anode ; the fluorescent screen showed 
a bright blue spot 6 mm diam. 



Liibcke * (1918) also used a bare tungsten filament, 
but it was wound into a helix, instead of a flat spiral; 
it was mounted with its axis perpendicular to that of 
the tube, and no focusing hood was fitted. A single 
diaphragm, about 16 cm distant from the filament, 
served also as anode. Different jet velocities were 



suitable for use in worlrshop rather than laboratory. 
It was built of metal except for a glass drying bulb 
and the glass mounting to insulate the ca^ode; it 
was arranged so that it could be dismantled in a 
minimum of time, by means of ground joints. Per¬ 
manent connection to the vacuum pump was necessary, 
since records were made on a photographic plate placed 
inside the vacuum. 


pip 


T) 


Fig. 32. —Samson’s portable tube. 


used, the accelerating P.D. covering a range of from 
220 to 23 000 volts. 

Keys t (1921) also used a hot cathode of the Coolidge 
type. Th^ other important features of his instrument 
(see Fig. 34) were a fine axial tube in place of a fine 



hole in the diaphragm-anode, and a guard tube extend¬ 
ing round the electrostatic deflecting plates and beyond 
to the ifietal chamber housing the photographic plate 
(in the vacuum). This chamber and the guard tube 

* See Bibirograpty (14). t (97 and 98 


(C) With Coated Filament. 

For his first hot-cathode instrument (see Fig. [36), 
Hull t (1921) made use of the screen and bulb of the 
Miiller-Uri cold-cathode instrument. The anode was in 




L 
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Anode 35c 
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Screen 



Fig. 36.—^Hull's hot-cathode tube. 


the form of a ring, fitting the glass tube closely, and the 
cathode, a platinum strip 1 mm^wide carrying a deposit 
of Wehnelt oxides the size of a pin's head " was fixed 
in position. No filtering diaphragm was used, the 
idea being to rely upon a powerful focusing coil of 
600 ampere-Jurns and the limited size of the emitting 
surface for obtaining a fine spot [see also Knipp and 
Wdlo (1916), and (Srooker (1918), Section V, A]. 

In later instruments, however, a diaphragm was 
u&d, with a 0-01-in. hole, similsg^ to that used in his 
cold-cathode instruments (Section IV). With an 
accelerating P.^.^of 600^ volts, the spot obtained was 

♦ See BibUography, (99). t W- 
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1 mm diam. Further, the cathode used wasi a W- 
^haped platinum wire, coated over its whole surface 
with barium oxide or calcium oxide (lime). 

In these instruments, both types using the Wehnelt 
oxide cathode, the gas pressure was reduced to its 
lowest limit, thus ehmiiiating ionization. Hull states 
that the most important advantage of the coated type 
of filament for use in the electron-jet instrument is 
the smaller amount of light emitted, combined with a 
bountiful supply of electrons. 

In the hotrcathode instrument developed by Johnson ♦ 


and a length of 1 cm; ^ts inner end approaches within 
J mm of the shield in front of^the filament, and it 
forms the only outlet firom the confined electrode 
chamber to the rest of the apparatus^ the electrons 
therefore are shot out along the bore of the anode to 
form the jet—hence the name “ electron gun applied 
to the electrode assembly. 

Two pairs of deflecting plates are provided, and 
these are made of german silver to^reduce eddy-cur¬ 
rent effects should it be desired to use magnetic deflec¬ 
tion. Again, owing to the ^ gas present, and the 


Loop filament Tube anc^e 


Deflecting 
plates 



Diaphragm 
Fig. 36.—^Electron gun of Johnson's tube. 


Path of jet 
towards screen 


Fig. 37.—Coated platinum filament 
of Johnson's tube. 


(1921) the cathode (see Figs. 36 and 37) is a short 
platinum ribbon bent into a circle, with an oxide 
coating of the kind described by Arnold f (1920). 

Due to the presence of gas (argon at about 10 mil¬ 
lionths of an atmosphere) employed for a special 
method of focusing (see Section VI, C, 2), precautions 
have to be taken against the development of an arc 
discharge. To achieve this the electrodes are enclosed 
in a glass mounting of small volume (1 cm^); by this 
means all the paths between the electrodes are made 


ionisation caused by the jet, these plates pick up certain 
amounts of the discharge current, varying according 
to their potential with respect to the anode; the 
instrument thus constitutes a load of varying amount 
on the circuit on which measurements are being^made, 
and in certain cases this may be a serious drawback. 

Jones and Tasker * (1924) developed an instrument 
having an arrangement of electrodes (see Fig. 38) 
similar to that of Jolmson, except that it was not 
necessary to mount them in a confined space (mercury 



• 

so short that the ionization cannot build up to^an 
excessive amouflt. As a further precaution a stabilizing 
resistance (of a few thousand bhms) is connected in 
the anode ^^ircuit. Further, positive ion bombard¬ 
ment is found to destroy the activity of the oxide 
coating on the cathode very rapidly ; to minimize 
this a metal shield is placed in front of the filament, 
this latter being shaped into a loop so that it lies just 
behind the edge of the hole cut in the shield. The 
filament is thus protected from the direct'' bom¬ 
bardment and its average life is extended to about 
200 hours'. 

The anode used is tubular, with a bore of 1 miry 

» See mbliog^aphy. (100 and lOlJ. f Ibui,, (102). 


vapour at a lower pressure, about 3 millionths of an 
atmosphere, was used in place of argon). 

The operation of the instrument was different, 
however, in that an auxiliary P.D. was applied between 
the filament and the disc in front of it; this is stated 
to produce " secondary electrons," formed at or near 
the surface of the cathode disc, the jet^ being drawn 
from these. . appears, in fact, that this disc receives 
most of the positive ion bombardment, since it shows 
signs of disintegration after prolonged use, while the 
oxide coating on the filament fi^pctions unimpaired. 
The method also gives an impfoved control of the 
focus on the jet ^iJe Section VI, C, 2). 

*♦ See Bibliography, (lOS. 
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(VI) METHODS OF '^-FOCUSING '' THE 
ELECTRON JET. 

(A) Introductory. 

(1) THE NEED FOR FOCUSING DEVICES. 

It will be gathered from Section I that an essential con¬ 
dition for the accurate working of an oscillograph or a 
cyclograph is tlaat the indicator shall be of minimum 
size consistent with its visibility, or its ability to trace 
a record. In the case of the electron-jet instrument 
this means that the }et must be of as small a diameter 
as possible at the point where it strikes the fluorescent 
screen or photographic plate (see Section VII) and 
moreover its boundaries must be definite so that the 
trace made shall be sharp and clear. Needless to say 
this condition should be aflected as little as possible 
by either the displacement or the velocity of the jet*s 
deflections, within the normal working limits. Unfortur 
nately the following causes tend to produce just the 
opposite condition:— 

(i) The devices used for producing the electron jet 
(involving essentially the ** source of electrons and 
the '*\ccelerating field '*) m&,y not be perfect in their 
action, in so far as the motion given to the electrons 
may not be properly parallel (or convergent, see later), 
so that the jet commences to disperse at the com¬ 
mencement of its journey. 

(ii) Owing to the electrons composing the jet being 
charged with electricity of the same sign, there is a 
repulsive force acting between each electron and every 
other. The radial component of this force is unbalanced 
and acts outwards (see Appendix, Section XI, B, 5 ); 
and since the jet works in a .vacuum the electrons are 
in general free to move radially in response to this 
force. 

(iii) In instruments using av gaseous discharge, there 
are bound to be collisions (not necessarily producing 
ionization) between the moving electrons and the 
molecules of gas in the space traversed; as a resjult 
the electrons will be defl.ected from tlieir original 
courses, some more and some less, so that not only 
does the jet grow in diameter but it also becomes 
diffuse, producing a blurred trace with indefinite 
boundaries (see also Section III, C,^). 

(2) THE HIGH-VELOCITY JET. 

In the early electron-jet instruments, developed by 
J. J. Thomson, Braun, and Zenneck (see Sections III,B, 
and IV), it was found experimentally that to produce a 
satisfactory jet it was necessar}’^ to use a high exhaustion 
and a high P.D. The explanation is to be fouxxd in-the 
Second and third causes described above. For, on the one 
count, the absorption of the rays is reduced by lowering 
the pressure of the residual gas in the apparatus; 
and on the other count, with a higfier accelerating 
P.D. th.6 velocity of the jet is higher and the time of 
flight of the electrons from source to screen is shorter, 
giving less dispe;g 5 ion due to the force of matual 
r^ulsion. '' ^ 

. The work of Dufour may also ^be quoted ' as an 
instance of the use of a higff'P.D. (up to 60 kV), fhough 


it should be stated that this value was chiefly neces¬ 
sitated by the requirements of recording (Section VI?>) ; 
the oscillograms taken with his instrument show a 
remarkably fine and sharp trace. The same tendency 
may be noted with the hbt-cathode instruments 
(Section V). 

It should be noted that even the high-velocity 
method fails if other factors are not prevented from, 
influencing the behaviour of the jet. Thus Dufour 
(see Section IV) in trials of this oscillograph at very 
high frequencies (up to 220 X 10® cycles per sec.) found 
that increase of power beyond a certain point decreased 
the sharpness of the trace, by causing the jet to dis¬ 
pose, due to the increased electron density in tiie jet (see 
also Section XI, B, 6). 

(B) Electromagnetic Methods. 

(1) USE OF the axial FOCUSING COIL. 

other workers, however, found that even with these 
precautions there was still much to be desired, not 
merely in the size of the spot indicator, but in its in¬ 
tensity and sharpness. Wiechert (1898) and others * 
found that by applying a fairly strong magnetic field 
to the jet instrument parallel to its axis, the spot could 
be concentrated into a smaller area. 

Rankin f (1906) studied the effect with the instru¬ 
ment designed by Ryan (see Section IV) and confirmed 
what others had found, viz. that application of the 
longitudinal field produced a large but irregular decrease 
in the P.D. required to produce a discharge, whilst 
tlie current passed through the apparatus was sub¬ 
stantially unaltered. Thus by use of this focusing 
field it was possible to exert a large measure of control 
over the sensitivity of the instrument. Owing largely 
to its simplicity this method of focusing became 
standard practice with most of the workers using 
cold-cathode instruments. $ The usual method of 
applying the field is by means of a short solenoid coil, 
6 or more in diameter, mounted axially with the 
jet instrument either in the plane of its cathode or 
between the cathode and the diaphragm. Two coils 
have been tried in place of one (see also Hull, 1921) ; 
the only advantage is to lessen the tedium of adjust¬ 
ment of position, orientation and current strength (a 
range of 600 to 2 000 ampere-turns was found 
satisfactory). 

(2) mode of operation. 

The eflEect of the axial focusing coil is ta immerse the 
electron jet in a longitudinal magnetic field. Thus if 
tbe electrons are moving properly parallel, the field 
exerts no deflecting <force on them ; but if there is any* 
divergence in the jet, the electroiis will have a com¬ 
ponent of motion perpendicular to the airection of the 
field, and a deflepting force will result (see Fig. 39). 

Suppose an electron to acquire a direction of motion 
inclined at an angle 6 to the direction of the field. If 
the field is assumed .uniform and parallel, and of 
strength H, then the perpendicular component of the 
electron’s velocity is 

V tan B, 
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and in the Appendix it is shown to be subject to an 
aci^seleration ^ 

Hev tan 0 

~^t 

Now this acceleration is always perpendicular to the 
transverse velocity at each instant, so that the trans¬ 
verse motion becomes circular, the resultant motion of 
* the electron being a helix. 


Ray with upward 
initial 
deflation 


Side elevation 


Suitable j 
posltion-H 
for screen i 


Fig. 39.—^Path of electron jet with axial focusing coil. 

The acceleration due to the field must obviously be 
equal to 

(v tan 0)^ 

T 

where r is the radius of the component circle. 


whence 


r =5 (t? tan 0)^ x 
= V tan 0^ 


Hev tan 0 


The component velocity in the circle, v tan 0, remains 
constant because the acceleration is always perpendi- 


is unimpaired. It is, in fg-ct, possible by means of such 
a non-uniform field to produce a ^spot on the screen 
smaller in size than the diaphragm hole. 

(3) AXIAL CONDUCTOR METHOD. 

It seemed desirable to improve on the indirectness of 
the focusing-coil method, and to provide some means 
whereby the electrons might be deflected directly in a 
radial direction. To achieve this object a method (see 
Fig. 40) was devised by F. R. F. Raifisay (1923) and 
has been subjected to some preliminary trials by the 
authors at East London College^ 

The principle is the use of a circular magnetic field 
concentric with the jet; to produce this, a straight 
conductor is mounted in the axis of the instrument 
(along the undeflected position of the jet) ; current is 
led into and out of this conductor at its ends by a number 
of flat radial strips, and the jet is thus able to pass over 
the conductor close to its surface (where the field is 
strongest) with minimum obstruction. 

When the electron flow is in the same direction in 
the axial conductor as it is in the jet, then the circular 
field is in the correct sense for exerting an inward* radial 
force on the jet electrons, i.e. for producing a focusing 
effect. A disadvantage of the method is that the 
strength of the field, and therefore the focusing force 
on each electron, is inversely proportional to the dis¬ 
tance from the conductor (axis), whereas in genersd the 
further an electron is from the axis the larger is the 
radial force that it requires (see also Appendix). 

(C) Electrostatic Methods, 

(1) RADIAL FIELD. 

Attempts have been made to focus the jet of a cold- 
cathode instrument by electrostatic means. The tubular 



Fig. 40.— ^Electromagnetic focusing with axial conductor. 


cular to it; hence the time taken to make one revolu¬ 
tion is 

^ V tan 0 He 

and, from this, t^e pitch of the helix is • 


S = 27r:f7-^ 

He 


Thus after travelling an axial distance equal to this 
quantity, the electron reaches again the same position 
rela-tiVe to the axis of the apparatus as that from which 
it started. The important point to note is that this 
axial distancfe is independent of the angle of divergence, 0. 

The effect of non-uniformity of the magnetic field, 
such as is produced by a single focusing coil, is to cause 
a varying angle of helix i but the property of focusing 
all electrons, thQ^gh of different degrees of diverjgenee. 


portion (both sides bf the anode) was provided with tin- 
loil coatings and these were connected to the cathode, so 
that there should be a mutual radial repulsion between 
the coating and the jet electrons. The method naturally 
failed, because the ** potential'* of an electron, when un¬ 
constrained as it is inside the vacuum, becomes that of the 
space in which it is situated. To explain this it should 
be. remembered that ''potential" means "potential 
energy," and, since an unconstrained charged body can 
possess no potential energy, the energy supplied by the 
field in space appears as a change of kinetic energy. 
In other words we have the conditions radially 
there^is no electric Afield inside the hollow conducting 
coating, and axially the field retards the electrons and 
brings them to rest after they have been projected by 
the cath<9de fall of potential. Comrection of the coating 
to the. anode (poeitive.v* electrode) did produce an 
improvement in tn^ " spoif.*' 
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A correctly applied modifio^Ltion of this method was 
tried with his hot-c^thode instrument by Wood * (1923, 
see Fig. 41). A tubular anode was used, arranged 
axially in the instrument, and along its axis was fixed 
a wire, which was charged positively with respect to 
the anode tube. The electrons passed along inside the 
anode tube. The axial effect of the positively charged 
wire was to accelerate them rather than to retard them, 
and the radial was to produce a radial electric 

_ —ve 

»— +ve 
»——► 

Fig. *’41.—Electrostatic focusing with positively-charged 
axial conductor (after Wood). 

field which exerted a definite focusing influence on the 
jet. However, on this particular instrument the 
method was n6t so satisfactory as the one finally adopted 
(see Section VI, D), 

(2) ** IONIC** METHOD. 

{a) Mffde of operation* 

Johnson f (1922) has successfully applied a neat 
method of focusing, which he states was originally 
suggested by van der Bijl. The method appears to be 
a scientific development of an effect which has been 
more or less operative in aU the hot-catliode instruments 
woridng with a very low P.D. (mostly using "Webnelt 
type cathodes), as described in Section V. The instru¬ 
ment is filled with gas (preferably of a heavy nature, see 
later) at a definite pressure, approximately 10 millionths 
of an atmosphere. As a result a small proportion of 
the electrons in the jet collide with molecules of the gas 
and ionize them. Owing to the large difference between 
the mobilities of the electrons and of the positive ions 
(especially with a heavy gas), the colliding electrons and 
any secondafjr electrons produced mostly leave the jet, 
whereas the positive ions drift out only slowly, mth little 
more than their comparatively low thermal velocity. 
The positive ions therefore tend to accumulate down 
the length of the jet, and a point can be reached where 
the number of positive ions in the jet considerably 
exceeds the number of electrons therein. The jet thus 
becomes positively charged with Yespect to the sur¬ 
rounding gas and the glass walls of the instrument, 
and there is established a strong radial field of the 
correct sense to exert an inward radial force on the 
electrons within the jet. 

At the point where the positive ions and the electrons 
are equal in numbers, the mutual repulsion of the 
electrons is just neutralized ; and with the positive ions 
in excess of the electrons a definite focusing effect is 
obtained. Johnson calculates that if in his instrument 
the jet has an initial divergence of 1®, and carries a 
current of ^0/i,A, the jet will be focused at the screen 
when there are four positive ions in the jet to each 
electron, giving a radial field of 1 volt/cm. Measure¬ 
ments in a speda^apparatus with one jet perpendicular 
to another gave "h value for this radial field of 3 
volte/cm; ^ ^ ^ 

* SeeBMography..(99): ‘ t (lOl)*. 


ip) Advantages and limitations. 

The great advantage of this focusing method is the 
fact that the action on the jet is continuous through¬ 
out its length, not interfering, with arrangements for 
deflection of the jet. It should be noted, however, 
that there is a definite time factor in the establish¬ 
ment of the positive ionization within the jet, and 
this leads to the disadvantage that if the jet is- 
deflected too rapidly through the gas space the ioniza¬ 
tion fails to build up to the proper value, since 
the ions are produced at points along the jet, and 
are not travelhng longitudinally with the electrons. 
Ti^us from the figures given in Johnson*s paper the 
focusing action is found to fail as the velocity of 
traversal ** of the fluorescent spot reaches 100 km/sec. 

An additional convenience is the ease of adjustment 
of the focusing action, for it is found that variation of 
the filament temperature, which controls the current 
in the jet, suffices to control the magnitude of the 
radial field, and hence the distance along its path at 
which the jet comes to a focus. Now it is shown in 
the Appendix that the dispersive force on an electron is* 

2e I 

SO that with V, y, and Rq constant, the force is propor¬ 
tional to the current I in the jet. Johnson states that 
increasing the jet current causes the jet to focus in a 
shorter distance; from this it would appear that the 
positive ion density in the jet increases at a faster rate 
than the electron density. 

In the apparatus of Jones and Tasker ♦ (1924) the 
jet is focused twice, once between the cathode and the 
anode, and again at the screen. This confers a further 
advantage in the operation of the apparatus, for control 
of the exciting P.D. (applied betw'^een the filament and 
the cathode disc) varies the position of the first focus, 
and hence the diameter of the jet as it passes the hole, 
in the anode, and so constitutes a control over the 
fociising of the spot on the screen, this control being 
independent of the filament temperature adjustment.^ 

(D) “ Geometrical ** Methods. 

(1) CONICAL JET. 

The methods described imder this heading mostly ^ 
employ some magnetic or electrostatic principle of 
operation, but are designated geometrical because 
they depend more on controlhng tl^e ii&tial direction 
Qf projection of the electrons than on applying deflecting 
forces to them after their formation iSto a jet. 

For example, Wodd t {1923) suggested using as anode 
a number of fine tubes, mounted ^ymm^^trically around 
the axis of the instrument and pointing towards a 
common point ->thereon. With this arrangement the 
jet is composed of the electrons travelling through these 
tubes, and hence in convergent directions (see tig. 42). 

A similar idea due to E. B. Wedmore (1923) is to use 
as anode a hollow cylinder or hollow zone of a cone, 
partially filled with a concentric solid cylinder or cone 
so as "to leave a thin annular space through which the 
electrons pass. Thus instead of a thin cylindrical jet, 

♦ ^ Bibliography, (108).. *v|“ JHd., (99). 
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as in Braun's instrument, or a number of convergent 
jAs as in the method above, the form taken by the 
jet is that of a thin-walled tube. By suitable choice 
of the angle of the conp, the jet may be brought to a 
focus at any desired point along the axis. The chief 
objects of the device were*to render possible the use of 
focusing methods in which the radial force exerted on 

• the electron is dependent upon its distance from the 
axis, and to obtain a larger current in the jet. 

(2) CONCAVE CATHODE. 

A more direct method is the one applied .in the 
earliest days in cold-cathode gas ") "X-ray tub^" 
by Crookes (1876) and later by H. Jackson, viz. giving 
the cathode a smooth concave surface on the side 

• facing the target." Thus by virtue of the property 
of "normal emission" [see Sections III, A, 3, (6), (ii) 
and III, A, 2j the electrons are given initial directions 
converging on the centre of curvature of the cathode 
surface and, by placing the target rather beyond this 
point, allowance is made for the natural dispersion of 
the electrons (Section VI, A) and the target receives the 
jet while it is of minimum diameter. 

This method has been applied to tlie cold-cathode 
electron jet instrument by Hull * (1921), while Wood f 



Fig. 42.—Geometrical focusing with inclined tubes (after 
Wood). 

(1923) has suggested using a concave hot cathode, to 
be kept hot by electron bombardment from an auxiliary 
cathode. This idea should prove successful if a gaseous 
discharge is being used for production of the electron 
jet, for then the " space charge " of the positive ions 
gives rise to a sudden potential drop at the concave 
surface of the cathode. If, however, a pure eleeitron 
discharge is to be used (as was done in Wood's final 
instrument) the fall of potential occurs at the anode 
(due to the electronic " space charge ") and the concave 
shape of the cathode surface would not confer so great 
an advantage as with the gaseous discharge (see also 
next Section, VI, B, 3). 


the high values used (wp to foo kV), therefore the 
axial distribution of potential wiH be approximately 
uniform. But, due to the projection of the hood over 
the filament, the direction of the electrostatic field in 
the immediate neighbourhood of the filament is strongly 
convergent, and this determines the initial direction of 
the electrons; thus although axially the electrons are 
being accelerated approximately uniformly, they retain 
the inward radial motion given to tl^m at the start 
(see Figs. 43 and 44):*“ The hot-cathode electron-jet 
instruments used by Keys j" (1921) and Wood J (1923) 



Fig. 43.—" Fine " focus with Coolidge cathode (after Warren). 

have Coolidge type cathodes, in conjunction with a 
" pinhole tube " anode. 

f 

(VII) METHODS OF INDICATING AND 
RECORDING. 

• (A) With Fluorescent Screen. 

(1) VISUAL INDICATION. 

[a) Nature of fluorescent material. 

Crookes (1879) and Thomson (1897), we have noted, 
relied upon the fluorescence of glass for indicating the 
deflection of the electron jet. 

In 1895 Perrin, § in measuring the charge carried by 
the rays, used a transverse magnetic field to control 


Fig. 44.—" Broad ^ focus with Coolidge cathode (after 
• Warren). 




^3) coolidge's hot cathode. 

A method sinlilar in principle but not dependent 
on a " cathode fjril," and applicable to hot filameift 
cathodes, has been developed pri^narily by Coolidge % 
(1913) (see Fig. 30) for his hotTcathode X-ray tube. 
The filament (?)f bare tungsten w^ire) is wound into the 
form of a flat ("pancake?) spiral, an<^ is mpunted just 
inside a cylindrical " hood" to which it is electrically 
connected, its plane perpendicular to the axes of the hood 
and the tube. The amount of projection of the hood 
beyond the spiral filament is found to control the focusing 
efiect produced. In this tube a pure electronic discharge 
is used, .an^,the "anode fall" due to the space "charge 
is,a negligible proportion of the total P.D. owing to 

• See Bibliography, {90|^. ^ t (99). 


the entry of the rays into the measuring cylinder 
(Faraday cylinder); as an independent check the sur¬ 
face of the guard cylinder was coated with a fluorescent 
‘ powder, and the resulting luminous area indicated the 
, displacement of the rays. 

Braun || (1897) was, however, the first to use a 
fluorescent mineral in an electron-jet measuring instru¬ 
ment. The material he used was willemite (anhydrous 
crystalline zinft silicate, ZugSiO^) which ''in his tube 
show^ a bright green colour under bombardment. 
The material was in the form of a fine powder laid upon 
a di%c of mica which was mounted in the tube as shown; 
(S, Fig. 14). 

Zenneck^ (1899) •made a comparison of the nierits 

* ./fisoUe Blbliogra^j^ (108). t Ibid.^ (97). t (99). 
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of calcium sulphide”* and <^cium tungstate. Under 
very intense boml;^axdment CaS gives a fluorescent light 
which is nearly white, the photographic effect of which 
is at least equal to that of the blue-purple fluorescence 
of CaWO^. ** With weaker bombardment, however,, such 
as that which occurs with average discharge in the 
cathode-ray tube, or with the fluorescent spot in rapid 
motion over the screen, the luminous effect of CaS, 
now a bright green, is still stronger than that of CaW 04 , 
but the photographic effect in much wealcer. 

Varley* (1902), who used a tube similar to Zenneck's, 
chose calcium tung^fate as the fluorescent material for 
visual observations, 

Morris t (1902) in an English-made tube used zinc 
silic'ate for visual work. 

In 1909 Giesel and Zenneck J investigated the use of 
zinc sulphide as a fluorescent material in the Braun tube. 
This substance gives a blue-green fluorescence, a colour 
not so powerful visually as the yellow-green of calcium 
sulphide and zinc silicate ; nevertheless the zinc sulphide 
was found to be more sensitive under the weak bom¬ 
bardment resulting from rapid traversal of the jet over 
the screen. The substance also gives a distinct after¬ 
glow and this contributes materially to the resultant 
effect when the jet is tracing a large figure. 

Chaffee § (1911) found that a very sensitive screen 
for visual work could be made by dusting finely pow- 
de^-ed willemite over a piece of mica or glass freshly 
painted with a tliin coat of waterglass, but for photo¬ 
graphic recording he used zinc sulphide. 

Minton II (1915), Hull If (1921), Johnson*’*' (19^), and 
Wood ft (1923) recommend zinc silicate (Zn 2 Si 04 ) for 
visual work, since it gives a bright green colour, and 
calcium tungstate (CaW 04 ) for photography since its 
blue fluorescence is rich in actinic rays. Johnson in 
his hot-cathode instrument uses a mixture of half of 
each, thus combining their advantages and obtaining 
a fluorescent layer more than half as bright visually 
as plain zinc silicate, and more than half as active photo¬ 
graphically as plain calcium tungstate. 


(b) Form of screen. ^ 

Braun's screen, the purpose of which was to carry 
the fluorescent layer, was a flat circukir disc of mica. 
Mica was used because it is light and rigid, is easily 
mounted in position, will withstand the heat of jthe 
glassworldng in constructing the instrument, and has 
no adverse effect on the vacuum conditions. Later 


glass was used in place of mica> by Varley (1902, loc, 
cit.) ; it has the advantage of greater transparency, 
allowing the cyclogram figure to be viewed from either 
side of the screen. The importance of this for recording 
by photography was pointed out by Rankin. 

The theory of the deflection of tlie electron jet (see 
Appendix) shows that when the deflecting field is finite 
in extent ^so that theii jet travels across a free space 
before reaching the screen, then the correct shape for 
the screen surface is a plane, oriented in such* a way 
that the undeflected or zero position Of the jet is a 
normal to the plj^ne. Further, if deflection jis obtained 
by immersion of the whole jet instrument in the field. 


* See Bibliography, (109). 
S im., (84). 

♦♦ Ibid., (101), 



this rule still holds when the field is electrostatic; but 
when it is magnetic [see Thomson * (1897), Knipp*and 
Welo t (1916), and others] it is no longer mathematically 
accurate. However, in all the jet instruments so far 
described the maximum angular deviation of the jet 
that can be recorded is limited, and the error introduced 
by the use of a flat screen in such a case is well within 
the limit of accuracy of the instrument. 

It has been found convenient to dispense with a 
separate screen, the fluorescent layer being mounted 
directly on the inner surface of the vacuum vessel, when 
this 3 ^ of glass. Tliis has the advantage of simplif jdng 
the construction of the instrument, and further, it 
ikvours photographic recording from the rear of the 
screen [see Section VH, A, 3, (5)]. How in portable instru¬ 
ments, such as that designed by Johnson t (1922), this 
surface must necessarily possess considerable curvature, 
and this produces a distortion of the record. Johnson 
expresses the error of his instrument in the following 
terms : If the pattern is recorded by a camera whose 
lens is 2 0111 from the end of the tube, the apparent 
reduction of deflection produced by curvature of the 
bulb is given in terms of the deflection y approximately 


by 


c)y =5 


20 -h 
400i> 


y® cm § 


(2) MEASUREMENT OF DEFLECTION. 

When an electron-jet instrument is used with linear 
deflection for measuring a steady quantity, a measure of 
the deflection of the indicator spot, in terms of length, 
is sufficient information. In Thomson's instrument the 
indicator line moves on the glass, and the desired result 
is quite simply obtained by attaching a bent scale to 
the glass and reading off the deflections, as in an ordinary 
measuring instrument with mechanical pointer and 
scale. On the other hand, when the indicator is a 
fluorescent spot on a screen, mounted inside the tube, 
such direct reading is not possible unless the screen 
its^ is provided with a suitable scale. 

Varley || (1902) made direct measurements of deflec¬ 
tion (linear) on the internal screen of his Braun's tube 
by optically projecting a scale on to the screen ^the 
scale was cut in tin-foil on glass, strongly illuminated 
from behind, and the lenses were arranged to^ give 
exactly millimetre divisions on the screen. Later, how¬ 
ever, the instruments made by Muller-Uxi were provided 
with glass screens carr 3 dng a " graticulj^ " of uniform 
millimetre squares engraved on the uncoated side. 


' a» 

(3) RECORDING DEVICES. 

(a) Manual. 

(i) Ruled screen method.— two-dimensional work¬ 
ing it is preferaibl© "to secure a separate copy or record 
of the oscillogram or cyclogram, upon which measure¬ 
ments may be made of angle, area, etc., as well as of 
length. The graticule or ruling on the fluorescent 
screen provides a ready means for makin|[ such a copy> 
for if a copy of the graticule is available on a sheet of 
papef, the figure may be drawn in, freehand, with an 
• See Bibliography, (87). t -TWa., (93). t. Ibid., (101). 

§ This fonnfiarSeis only to the particular instniment designed by Johnson. ^ 
I! See Bibliography, (109). ^ 
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accuracy at least as good as that of the figure as it 
appears on the screen. If the screen is ruled vith 
uniform squares, ordinary squared graph paper may be 
used for the copy ; this can obtained with different 
sizes of squares, and hence a magnification or a reduc¬ 
tion in size of the figures* may be made if desired. 
Similarly with a non-plane fluorescent layer, any approxi- 
ipately uniform lines may be marked upon it and the 
resulting graticule photographed, the copy of the figure 
being drawn on a photographic reproduction of the 
graticule. 

The process is not very rapid, and necessitates the 
figure remaining accurately steady on the screen during 
the copying; on the other hand, the measurements 
required ma}^ often be obtained by copying portions 
only of the figure—^thus speed and accuracy may be 
combined. 

(ii) Tracing desk method .—^An alternative method of 
making the copy, more complicated but possibly more 
accurate, is to trace it on a lightly-smoked glass plate, 
the eye being kept in a fixed position during the process. 
This method was the one adopted by Ryan * (1911). 
The record was -made from the front or coated side 
of the fluorescent screen; but distortion due to the 
necessarily angular view was eliminated by placing 
the tracing plate parallel to the screen. This plate 
is mounted over an aperture in the bottom of a shallow 
light-tight box lined with white paper; a corresponding 
aperture in the top admits the tracing point, and the 
open end admits light from a lamp so that the tracing 
point and the traces made shall be visible witljout 
light being thrown on the screen of the cyclograph. 

(&) Photographic. 

(i) With camera .—^Zenneck f (1899) recorded his cyclo¬ 
grams by photography with an ordinary camera and 
sensitive plate, the tube and camera being darkened 
to prevent reflection of extraneous light by the screen 
or the glass of the tube. The exposure time necessary 
with normal operation of the instrument was abput 
10 minutes. This time could be shortened by using a 
stronger discharge (the exciting machine being run at 
its maximum speed), 6 to 20 secs, being required for 
recording a cyclogram, and 1 to 2 secs, for the stationary 
spot.# It has been noted, however, that satisfactory 
operation of the cyclograph was not obtainable with 
this heavy discharge. 

Angstrom J ^(1900), using a tube made to Braun's 
specifications, adgpted the same method; half-size 
photographs of the cyclograms were obtained witbm 
10 to 20 seconds' exposure. 

Ryan § (1903) who obtained a iSrger tube and ran 
it with a hea'v^y discharge was able to secure satis¬ 
factory photographs with an exposure of 2 to 5 secs. 
Such records are faint but sufflcieniAy visible, and 
are therefore the best as they give the finest trace 
and so make for accurate measurements. For repro¬ 
duction purposes, and especially for making lantern 
slides, the e^osure must be considerably longer to 
secure suflflcient contrast; this results in a much 
broader and more indefinite trace. 


Rankin * (1906) points out tha? in the tube used by 
Ryan the screen was made of a thi<^ quality of mica, 
and since the photographs were taken from the back 
of the screen^ the mica would account for^ a consider¬ 
able absorption of the actinic rays. 

Varley and Murdoch f (1906), using a Braun tube 
having a calcium tungstate screen taking 0-02fjiA 
with 4 mm equivalent spark-gap, obtained records 
with exposures of 20-30 secs. ^ 

Chaffee J (1911) photographed the front (fluorescent) 
side of the screen, obtaining natural-size records with 
exposures of 3-30 secs. * • 

Zenneck§ (1913), who passed 0'6mA at 28kV 
through his Braun-lype tube, and Samson || (1918), 
who with a hot cathode used a tube current of up to 
10mA at 9kV, obtained records on moving plates, 
i.e. with only a single traversal of the indicator (image 
of fluorescent spot). 

Johnson f (1922), by using a hot (coated filament) 
cathode and a special focusing method, combined with 
a sensitive fluorescent layer, found 20 secs, sufficient 
exposure for an average repeated-trace cyclogram, in 
spite of the low velocity of his jet; a modulation 
diagram," in which the indicator has to cover an^area 
to indicate its envelope, required an exposure of 2 mins. 

(ii) By contact photography .—^This method is appli¬ 
cable only to tliose instruments in which the fluorescent 
material is on the inner surface of the glass walk of 
the tube. The principle is to apply the light-sensitive 
film in contact with the outer surface of the same 
glass wall; then the film is acted upon by light directly 
radiated from the fluorescent layer. The trace obtained 
on the film will naturally be considerably broader and 
with more indefinite edges (like a penumbra effect) 
than the light trace on the fluorescent layer; but in 
practice the loss of accuracy on the record will not be 
great, unless the glass is unusually thick. It may be 
noted that of available instruments, that developed 
by Johnson lends itself well to this method of recording, 
for its glass is thin and of uniform thickness over the 
fluorescent area. The loss of accuracy may in fact be 
partially compensated by the shorter exposure possible, on 
the lines of Ryan's experience [see Section VII, A, 3, (h) , (i)], 
for evidently the proportion of the light emitted by 
the fluorescent material that acts on the sensitive film 
is enormously greater with the contact method than it 
is when a camera and lens are used. 

One way applicable when the curvature to be accom¬ 
modated is not too great is to use a gelatine film 
stretched across a light frame instead of being mounted 
on celluloid or glass, carrying the sensitive emulsion 
in the usual manner. This film wiU be elastic and will, 
fit against the curved glass surface of the electron-jet 
instrument, giving the necessary contact. When the 
exposure is completed the fibn will regain its flat shape, 
so that contact prints may be made from it on ordinary 
flat paper. Obviously such a film requires very careful 
handling in all the stages from manufacture to the 
final print; and a further cause of unreliability is the 
distojftion of the record due to imper^ct elasticity and 
Ihe wetting and dr 3 dng of the gelatine. . An improve- 


• See Bibliography, (82). t (77). 

§ lUd., (79). 


4 IbUu ( 111 ). 


• dee BibUography,t81). 
§ Ibid., (118)T ^ 


( 112 ). 
II Ibid., (96). 


t Ibid., (84). 

. If Ibid., (101). 
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inside a light-tight box or camera, so that the instru¬ 


ment on this is to prepare plaster cast of the curved 
glass surface, and^ mount the sensitized gelatine film 
on the surface of the cast—for example, it may be 
manufactured in situ by the wet-plate process. With 
this device liistortion of the film is eliminated^ and it 
is possible to establish contact over the full area, 
unrestricted by the curvature of the surface. To 
prepare a flat record it is necessary to resort to the 
use of a camera and photograph the negative (which is 
on the plaster cast); tlius almost the same result is 
obtained as though the trace on the fluorescent layer 
had been photogr^Iied with a camera, but the long 
exposure part of the process has been eliminated. 

With either of these methods it is necessary to make 
allowance for the distortion of the cyclogram due to 
the curvature of the fluorescent layer, should the 
amount of error be not negligible [see also Section XI, 
A, 1, (&)]. A convenient method when linear dimensions 
of the cyclogram are required is to make the apparatus 
prepare its own graticule—one component deflection is 
made an alternating motion, while the other is held at 
a number of standard values of deflection in turn; 
then process is repeated with the component 

deflections interchanged. The flat record obtained 
from this is superimposed upon the cyclogram with 
the axes coinciding correctly, and is used as the scale 
from which measurements are read. 

(B) With Internal Photographic Plate. 

(1) GENERAL. 

The methods of recording that have hitherto been 
described (see Section VII, A) take time to accom¬ 
plish; hence they are on a par with the step-by- 
step methods of determining wave-form, in so fax as 
they are applicable only to periodic phenomena 
which can be held sufficiently constant during the 
time of recording. In general such procedure is in¬ 
applicable to the recording of transient phenomena. 
Dufour* (1914) suggested that it would be nece^ary 
to have an arrangement of apparatus permitting direct 
registration of the electron jet on a photographic plate. 
Even with direct registration he found that for high- 
frequency work it was essential to use a much more 
intense electron jet (see Section IV) than that obtained 
in tubes of the kind used by Braun, Zenneck, etc., 
in order that a single traverse of the jet might leaVb a 
readable trace; and, further, constancy of the jet 
itself became an essential condition. 

(2) MODIFICATIONS IN THE CONSTRUCTION OF THE 

instrument. 

In the electron-jet instrument, as it has so far 
been developed, the jet operates only inside the vacuum 
chamber—hence if it is to impinge directly on a photo¬ 
graphic film this film^must also be mounted inside the 
vacuum chamber. The method of hJounting the film 
or plate depends upon the tSme scale in \jse (see 
Section VIII)—thus a rotating drum may carry a 
film, winding spools may carry a roll-film, or a m^azine 
may carry a* fitn-pack or a number of''plates. In 
each case it is usual to arrange «the whole mechanism 
• See Bibliography, 187). 


mei^t is made daylight loading. 9 

The first requiren^ent is that the vacuum chamber 
shall have a door which will admit this camera when 
open, and which can be mdde vacuum-tight witli a 
minimum of trouble when closed. Secondly, if the 
time-scale motion is imposed on the recording surface, 
a suitable drive must be fitted [see Section VIII, C, 2, (v)J^ 
Thirdly, means must be provided for changing the 
plates of a magazine, or for winding a roll-film, and 
for opening and closing the shutter of the camera. 
This shutter is of the same size as the recording area 
and, *when closed, lies parallel to it; it frequently 
c*hrries a fluorescent coating, so that the instrument 
may be operated visually when required. The details^ 
of construction and the technique of operation of this- 
accessory apparatus have been developed largely by 
Knipp and Welo * (1916), Dufour f (1920), Keys t 
(1921), and Wood § (1923). 

In addition to these modifications in the construction 
of the instrument, it is necessary to have it permanently 
connected to an exhausting plant, since the vacuum is- 
lost each time the instrument is opened. As a result 
it is no longer possible to make the instrument portable,, 
and the total cost of the plant is considerably increased. 
In the matter of convenience in use, with modern 
exhausting equipment it is possible to evacuate the^ 
instrument ready for use in a comparatively short 
time—Dufom on his oscillograph (using a mercury- 
vapour diffusion pump) obtains sufficiently rapid 
working to enable 4 to 6 films (from the rotating druiny 
or 20 to 30 plates to be exposed in an afternoon. 

(3) SENSITIVITY OF THE PHOTOGRAPHIC PLATE TO 
CATHODE RAYS. 

The problem of recording on a photographic plate 
by direct activation by the cathode rays may in 
a sense be regarded as opposite in nature to that of 
recording the impact of X-rays. A normal photo- 
gra’i)hic plate, working with light rays, absorbs a high 
pr?>portion of the energy of the light falling ppon it, 
and a good proportion of this absorbed energy is 
useful in activating the silver salt in the emulsion. 
Now the tendency with X-ray work, and especially 
with hard'' rays, is for the rays to penetrate 
through the plate, so that only a small proportion of 
the incident energy is absorbed by the sensitive 
emulsion. To absorb a higher proportion of the 
incident energy, and secondly to Jxaflsform this as 
much as possible into a form that will activate the 
"'emulsion, different devices have be5n adopted, such as 
thicker and double? emulsions; loading with lead and 
thorium salts, whose soft charact^stic radiations 
axe excited and add their blackening effect; and 
coating with fl«iorescent material (sometimes on a sepa¬ 
rate carrier, making an intensifying screen,*' placed 
behind the plate), which adds its light radiation. 

With cathode rays, on the other hand, the rays axe 
too readily absorbed by the plate, fn an average 
cold-cathode tube the penetration of the rays into the 
gela-fine film is of the ord^ of 0-02 mm,,so that only 

• See Bibliograpliy, (93 and 94). t (88 and 89). % Ibid,, (^7). 

• § Ibid, (98;. 
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a small proportion of tlie silver can be affected by the 
raj^. Further, the incident energy is expended only 
partly on silver grannies, which is where it is wanted ; 
the remainder is absorbed by the gelatine. Thus 
Dufour finds that there* is little advantage in sensi¬ 
tivity to be obtained by using fast plates rather than 
slow ones, whereas they have the distinct disadvantage 
of being more liable to ** fogging ** by stray radiation. 
Wood * (1923) confirms this (ordinar}'' plates of about 
160 H. and D. were usually employed), and finds 
further that ** Schumann ** plates give greatly superior 
results—a visible photographic impression is obtained 
with a " velocity of traversal of the jet acrosh the 
plate reaching 1000 m/sec., ‘whereas "with ordinary' 
plates the records appear rather faint when the velocity 
of traversal exceeds 60 m/sec. (the accelerating P.D. 
producing the jet was 3 kV). The Schumann plates 
were developed originally for work with utoa-violet 
radiation, for which the absorption problem tends in 
the same direction as that for ca'thode rays: they are 
made with a minimum quantity of gelatine, so that 
all the active silver shall be contained in a very thin 
surface layer, and hence lie within reach of the quickly 
absorbed incident radiation. The use of the Schumann 
type of plate is all •the more desirable with the low- 
velocity jets of hot-cathode instruments, on account of 
their smaller penetrating power. 

An additional method of obtaining increased sensi- 
•tivity of a photographic plate to cathode rays is to use 
fluorescent material (as has been done for “ hard 
X-rays, see above). 

Levy, West, and Baker t used calcium tungstate 
dusted over an ordinary photographic plate, and 
exposure was made in the usual manner. Wood had 
plates made with calcium tungstate mixed in "with 
the sensitive emulsion. The improvement in sensi- 
■tivity over an ordinary untreated plate approaches the 
same order as that obtained with the Schumann plate. 

It may be remarked here 'that from the use of a 
fluorescent layer next to -the sensitized film on the 
plate it is only one stage to arrive at the method tof 
Section VII, A, 3, (6), (n), where the light radiation from 
the fluorescent material has to travel through the 
glass wail of the vacuum chamber before acting on the 
sensitive film. 

'Ex|?eriments have also been made, wi'th some degree 
of success, to render plates insensitive to light whilst 
^ retaining maximum sensitivity to cathode rays. With 
^ such plates all«operations, including development, can 
be carried out in subdued white light. 

• 

. (VIII) TIME SCALES FOR OSeiLLOGRAPHIC 
• WORK. 

(A) Cyclographic Methoj. 

With the exception of the electron-jet oscillographs 
of Dufoiw, Keys and "Wood, , which use internal 
photographic plates for recording, the indications 
given by the electron-jet instruments that have been 
desmbed are not powerful enough to imprint a 
satisfactory -trace on any recording device -with bnly 
n single transit of ■the indicator. From this arises 

♦ SeeBibliograpljy, (9&). . • \ f Ibid,, (lU). 


the nec^sity of using repejition Gevices for the time 
scales, i.e. the indicator must be caused to repeat 
its ‘trace on the recording plate, if possible with close 
accuracy, for as long a time (as many cycles) as may 
be necessary, ’just as with the cyclograph Sperated by 
■two periodic quantities of integral frequency ra-tio (see 
Sectipn I). 

The simplest method is to use the ins-trument as a 
cyclograph, arranging, however, that the time-varia¬ 
tion of the second deflecting field acting*' on the jet is 
known, or may be independently determined. This 
was the method adopted by Ryaft * (1903), who used 
a pure simple harmonic motion for his time scale. The 
second deflecting field was produced by a solenoid, 
and this was fed from the a.c, mains suppl 3 dng'’^the 
test apparatus, through a filter consisting of a large 
inductance in series 'wi'th a parallel oscillatory circuit 
which was tuned to resonate with the fundamental of 
the a,c. supply. With this filter it was claimed that 
the reduction factor on each harmonic -with respect to 
the fundamen-tal was 6w®, being "the order of the 
harmonic, and 5 the amplification factor of the funda¬ 
mental due to resonance. The magnetic deflection 
produced was thus sufiSciently nearly a pure sine w^e. 

Tbe cyclographic method, using a simple harmonic 
time-scale motion, was the one adopted by Keys t 
(1921), Hull t (1921), and Watson Watt § (1923). The 
last two derived the sine-wave oscillation from triqde 
oscillators giving variable frequency. Watson Watt, 
using an instrument of the t 3 ;pe developed by Johnson 
(see Section V, C) found it practicable to record single¬ 
trace diagrams with velocities of traversal of the 
indicator reaching 0*1 km/sec. (= 226 miles per hour). 

(B) Uniform Periodic Time Scales. 

(1) general. 

In studying wave-forms from rectangular oscillo¬ 
grams it is an obvious advantage for the instru¬ 
ment to use a time-scale deflection which is uniform 
(i.e. has a linear law of variation -wi-th time), instead 
of a harmonic deflection such as that described above. 
Such a time-scale deflection may still be periodic, 
for though its linear law must hold for a complete 
cycle of -the unkno-wn periodic quanti-ty it may there¬ 
after become discon'tiimous and repeat from the starting 
poiht after any integral number of cycles of the periodic 
quantity. 

(2) MOVING SCREEN. 

{a) Linear, • 

As has been noted in Section I, B, 2, (a), the time- 
scale motion is frequently more coijvenientiy imposed 
on thfe recording screen instead of on -the indicator; 
this method is in fact the more used wi'th mechanical 
oscillographs. 

Provided that j. circular motioR is used, t^e method 
lends i-tself well to periodic work, since "the motion may 
be dire<?tly synchronized -with the periodic quantity. 
Thus for an electron-jet oscillograph the sensitive 
film oif which the record is made is wjapped around a 
drum, which is rotated in synchronisnf as above stated. 

• SteflibUography, (07). J Z6i(e., (90). 

• > II loid,^ (110). 
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The axis of the drum ^ set parallel to the direction of 
the deflection of the indica?or due to the electrical 
quantity investigate2L, so that the rotation of the drum 
supplies the required relative* motion, linear and 
perpendicular"'to ■^e first component. 

{b) Circular^ 

An even more convenient variation of this method 
is to use a flat sensitive film or plate, rotated 
about an axis ^perpendicular to its plaiie; the plate 
replaces, or is arranged parallel with, the fluorescent 
screen of the electron-jet instrument, as with the 
previous arrangements. The rotation must be syn¬ 
chronized just as with the rotating drum. The relative 
motion between plate and indicator is in this case 
circular, and this method is the one most used for 
obtaining circular and polar oscillograms. Its appli¬ 
cation to a mechanical oscillograph has been carried 
out by Chubb * (1914) and to an electron-jet oscillograph 
by Grixt (1921). 

Any of the photographic methods of recording 
described in Section VII may be used in conjunction 
with the moving-plate method, equally with the 
fixed-plate methods, provided only that provision can 

Time 

I 



Fig. 46.—Oscillogram of Zeimeck*s time motion. 


be made for moving the recording surface in the 
manner specified above. For example, the use of 
internal photography on a rotating drum, working 
inside the vacuum chamber, has been developed by 
Dufour (see Section VIIT, C, 2). 


tion of the jet was controlled by the P.D. acroSs a 
condenser, and this P.D. was given a triangular wave¬ 
form" (see Fig. 46) by making the current flowing 
through the condenser of rectangular wave-form. That 
is, the condenser was charged with a constant current 
and discharged with a constant current, this result 
being secured by two opposed diodes working on their 
saturation current; the combination is supplied with 
an auxiliary alternating supply whose P.D. must be 
large compared with that required to produce saturation 
in the diodes. The practical difficulties of realizing 
this condition of rectangular current wave-form were 
investigated by Rogowski and Glage.* Radio receiving 



valves were found to produce better results than 
transmitting valves, due to their saturation current 
being reached with a lower P.D. between anode and 
filament. Note from Fig. 46, for which the two diodes 
are assumed to work with equal saturation currents, 
that the return motion of the indicator is made with 
the same velocity as the forward motion, thus pro¬ 
ducing a second curve the opposite way round to the 
first. This can be eliminated by means of an inter¬ 
rupter, synchronized with the auxiliary supply, causing 
the indicator to trace out the zero time or axis on its 
return journey. 


(3) MOVING JET. 

{a) Linear, 

(i) Mechanical .—Braun (1897) had produced 
he first two-dimensional electron-jet instrument, and 
used it cyclographically, Zenneck { (1899) proceeded 
to work it oscillographically. For^this he imposed on 
the jet itself a time-scale motion that was uniforj?i 
and periodic, the other component deflection being 
under the control of the unknown quantity.; thus with 
proper synchronization of the time-scale deflection the 
recording screen showed a stationary oscillogram to 
rectangular co-ordinates (see Fig. 45). 

To obtain this time-scale motion the jet was deflected 
magnetically by a solenoid coil. A revolving insulating 
disc, carrying a potentiometer slide wire on its edge, 
controlled the current in the coil, this being connected 
between a ]prush rubbing on the wire and one of -^e 
two brushes leading current to the vdre (through slip- 
rings to which its ends were connected). ' n ■ 

' (ii) Electrical.—A. purely electrical method of pro¬ 
ducing a uniform periodic motion of the^ jet‘•was 
devised by Rogowski § (1920), The electrostatic deflec- 

♦ See Bibliography, (6). ^ ^ i 

. § Ibtd,, (TJ.7)- . 



Fig. 47.—Oscillogram of Rogowski's timeai motion with 
unequal charge and discharge rates o^ the condenser. 

I* . 

Rogowski overca^gie the difliculty in a simpler, 
manner, by using unequal heating of the two diode 
filaments. Thus the discharge of the cdndenser could 
be accomplished with a higher current, and therefore 
in a shorter tim§, than the charge (or vice versa), pro¬ 
ducing a saw-tooth wave-form of the type shown in 
Fig. 47. An alternative method tried by him was to 
allow the condenser to discharge through^a spark-gap 
instead of through the second diode, producing a 
time-seale wave-^form as shown in Fig.^ 48. This 
arrangement simplifies the apparatus required, buj: 

. ♦ See Bibliography, (118). 
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Jiere toay be complications due to high-frequency 
)jcillations accompan 5 dng the discharge of the condenser. 

If n is the number of cycles of the unknown quantity 
t is desired to show on the oscillogram, then each slope 
Df the triangular wave«form must last for a time nT^ 
where T is the time period of the unknown quantity; 
the time period of the auxiliary alternating supply 
must therefore be 2nT, i.e. its frequency must be 
l/(2n) of that of the unknown quantity, with the 
methods of Figs. 46, 47 and 48. 

Another electrical method recently applied, described 
by Kipping * (1924), is the use of the neon-lamp oscil- 



Fig. 48.—Oscillogram of Rogowski's time motion with 
condenser discharged by spark. 

lator circuit (known also as the " flashing or “ blink¬ 
ing " neon lamp). In principle the method is cydo- 
graphic, for it is a P.D. oscillation derived from a 
potentiometer resistance in the neon-lamp circuit 
which produces the required time-scale motion of the 
electron jet. During the greater part of the time 
period (while the lamp is out) the current flowing into 
the condenser decreases according to an exponential 
law, but with suitable choice of the constants of the 
circuit and the characteristics of the neon lamp it may 



be made sufficiently nearly a linear variatipn, so that 
the motion of the jet may be classified as a periodic 
uniform motton (see Fig, 49). The lighting of the 
lamp causes a Igtrge rise in the current, giving a ver^ 
rapid return motion to the jet (in fact, deflecting it 
right off the screen while the lamp remains alight). 

Fleming f (1912) used an alternating current of large 
amplitude so that only a small fraction of the wave 
near zero was useful,” i.e. occurred jvith the electron 
jet on the recording screen. By this means a time 
scale Was obtained which was sensibly uniform. A 
method of this nature is more suited for use on 
transient qifantities (it was in fact devised for that 
pjorpose), though this does not preclude its use for 
p^odic quantities. To ensure that the phenomenon 
to be investigated wotild occur during the middle 

* See Bibliography, (119). t (120) 


useful portion of the tipe-scalS oscillation, and only 
once per cycle, it was controlled by a mechanically- 
driven commutator synchronized with the a.c. supply. 

Dye * (1925) has api)lied this last method to periodic 
quantities, using the repetitions of the time scale and 
eliminating the mechanical interruptor. The first 
requirement was to separate the forward and return 
traversals of the jet across the screen by applying a 
second alternating deflecting force to the jet of the 
same frequency as, but out of phase with, the first 
one mentioned (giving the large amplitude deflection). 
This force was also much smftljpr in magnitude, so 
that the time-scale motion of the jet was a long, 
narrow ellipse, of which only the middle portion of one 
of the long sides was utilized. Secondly, it was ne<Jessary 
to secure the usual steady integral relationship (the 
ratio may be as high as 26) between the frequencies of 
the time-scale motion and the unknown quantity. 

{b) Circular, 

(i) Mechanical ,—^The time-scale component of the 
jet’s motion may also be made circular for the produc-» 
tion of both circular and polar oscillograms. The 
most direct means of doing this is to impose the drcular 
motion on the deflecting field acting on the jet (pro¬ 
ducing in fact a rotating field). The ” line of deflec¬ 
tion ” of the indicator thus becomes a ” radius vector,” 
rotating around the zero position as centre with a 
uniform angular velocity. 

A method, t for applying the circular motion in the 
case of an electron-jet oscillograph is as follows: The 
solenoid coils or condenser plates (producing a magnetic 
or an electric deflecting field) are mounted on hollow 
bearings, permitting them to be rotated about an axis 
coinciding with the undeflected position of the electron 
jet. The drive may be through chain or toothed 
gearing, or by a specially constructed motor whose 
rotor is part of the rotating deflecting apparatus; 
use of a S)mchronous motor enables the necessary 
integral speed relation to be obtained automatically. 

It is necessary for the electron-jet instrument itself 
to be so designed that it can be used with this appa¬ 
ratus, as the jet-producing portion of it must pass at 
least part of the way along inside the hollow shaft of 
the apparatus. Further, owing to the mechanical 
rotation of the apparatus surrounding the vacuum 
tiibe, it is not possible to use the method for studying 
frequencies higher than those met with in power 
engineering (or in telegraphy). 

(ii) Electrical ,—an alternative the jet may be 
rotated by a constant rotating electric or magnetic field. 
The advantage of this arrangement is the absence of 
both mechanical complications aifd inherent frequency 
limitation. Assuming that the resistance and the 
capacity may be obtained sufficiently pure, which is 
quite a possibility, then the arrangement in Fig. 60 
(see Kipping, Joe. cit.) will give the requifed constant 
rotat^g field (an electrostatic one) and has the merit 
of extreme simplicity. The necessary relation between 
resistance and capacity is 

• r> 1 - 

* • SMBibIlogtai*iy,(124'>r*' \ 
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where / is the frequency of ths alternating supply and 
also the speed of rotation (in revs, per sec.) of the 
instrument indicator. This a.c. supply must be 
aoidal in wav^-form; if necessary it may ,be purified 
by a filter such as that used by Ryan. 

Note that with no unknown quantity apphed to the 
instrument, i.e. zero indication, the indicator tr^^ a 
circle; thus circular oscillograms may be obtained, but 
not polar ones. ^Further, both perpendicular cornponente 
of deflection are occupied in producing the time-scale 
rotation of the indicator;. The radial deflection reqmred 
to give a circular oStUlogram may be obtained from 
a deflecting device mechanically rotated in step with 
the injlicator, but this is returning to the method 
described. The.radial deflection may, however, be 
obtained by an indirect method such as that d^nwd 
in the Appendix (also see Kipping, loc. 
tlie unknown quantity, converted to a P.D. of suitab e 
magnitude, is added to the steady P.D. used to generate 
the electron jet in the instrument: this causes <^rr^ 
spending changes in the “ sensitivity ” of the ]et to 
deflection by the constant rotating fidd, and the result 
ing changes in radius of the trace wiU give the required 
circular oscillogram when the change of velocity used 
is a small fraction of the constant component. 



indicator with time-scale motion only), and developed 
the auxiliary apparatus for appljdng these motions*. 

T atAr • (1922) this limit was extended, the scale factor 
reaching 900 km/sec., enabling records to be made at 
frequencies up to 220 X 10* cydes per sec. 

(2) MOTION IMPOSED ON SCREEN. 

(i) Zenneckt (1913) applied themoving- . 

plate principle to a Muller-Uri instrument—this was 
worked with a relatively high P.D. (28 kV) and very 
good oscillograms are shown in his paper. The photo¬ 
graphic* plate was carried in a dark slide which was 
traveled horizontally across the back of the camera 
by a wire wound up by a drum ; the drum was driven 
through self-disengaging gears by an electric motor. 
By this means the drum, once started, made one revo¬ 
lution and then stopped. The drum shaft also carried 
a commutator w’hich served to set in action the transient 
phenomenon to be investigated. The speed of the 
photographic plate was 1 m/sec., giving a wave-length 
on the record of 2 cm for a periodic quantity of frequency 
60 cycles per sec. 

(ii) Rotating drMm.—Dufour t (1920 and 1922) uMd a 
rotating drum for his time scale, obtaining thereby a 
v.j ghAr velocity of the recording surface (4 to 6 m/sec.). 
The drum has a photographic film clipped on to its 
cylindrical surface which is 16 cm wide and 48-6 cm 
circumference. The electron jet strike this surface 
normally and is acted upon by the single unknown 




Fig. 60.—Kipping’s rotator circuit. 

Dye • (1926), who originated this metliod, us^ it 
also with a rectilinear (parallel) or a circular motion, 
inc tAaH of a radial one, under the control of the unknown 
quantity. The latter has advantages m frequ^cy 
measurement work; and when the frequency ratio is 
high (of the order of 26, for example) the former gives 
an approximation to the rectangular oscillogram more 
simply than the radial method. ^ 

(C) ** Single Trace ** Time Scales, 

(1) - GENERAL. 

It is obvious that the methods of recording from 
an electron-jet oscillograph involving the production 
of a station^ trac^ on the recording 
applicable to non-periodic phenomena, and Dufonr t 
( 1914) stated that for these it was necessary to use a 
single-trace method, as is the common 
mechanical, oscillographs in conjunciaon with tne 
“falling-plate” time scale. ,..u * 

After producing a form of electron-jet instrument that 
would give a satisfactory record under these conations 
(see Section IV) Dnfour devised new ways of obt^^ 
an extended tfine* scale (the sc^e factor reacl^ 
,3 km/sec., being the ” vejigeity oT .traversal- of the 
* See MbUogiapliy, (!**)• t .tWi.,L(87). 

VoL. 63. * 


(a) ' (S) 

Pig. SI._^Dufour’s time motion for low frequencies. 

ouantity so that it is deflected in the plane of the drum’s 
axis Thus a phenomenon lasting 0-001 sec. extends 
for f or 6 mm on the record ; and the maximum fre- 
queEcy recordable is 8 to 10 kilocycles per sqc. (see 

trace.—A useful modification of the 
method consists in superimposing on the jet a gradual 
traversal parallel to the drum axis (i.e. in the ^ame 
direction as the unknown quantity), obtained by a mag¬ 
netic fidd controlled through a variable resistant. 
This-gives on the cylinder a spiral trace of considerable 
length and greatly facilitates the recOTdin% of transient 

switch.— On the whCfle, however, tiie 
better technique waP found to be not to use the spiral- 
trace method. It became necessary t^en to arrange 
that recording should take place during only one revolu¬ 
tion of the drum, and a ” timing switch ” was devised 
to secure this result. The shaft from which the drum 
is driven carries a cam and a lever which, when release 
by a trigger (worked by the operator), engages its pm 
with the cam and is carried through a cycle of opera¬ 
tions by one revolution of the cam. This cycle copi 
with the switching on of power to ttie discharge 
tube generating the electron jet. Next, by means of 

*SeeBlbUogtaphy.(8#). , t XWrf.. (88 and 89) 
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insulated segments on the lever, on which bear brushes 
whose position is adjustably, the phenomena •to be 
investigated are caused to act on the jet. The cycle 
closes with the switching off of the discharge tube. 
Thus a complete record of the phenomena may be 
obtained, it being possible to use the whole width of 
'the film (length of the drum) for the amplitude of the 
oscillation. 

The above method is described as the first technique 
with the timing switch and serves for recording wave¬ 
forms of phenomena of '' low frequency ** (from zero to 
a few kilocycles per second). Note that the drum with 
its film is inside the vacuum chamber, so that ^the 
electron jet impinges directly on the film surface, and 
the drive is by means of a magnetic clutch acting 
through a glass cap sealed on to the metal vacuum 
chamber. 

(v) Drive .—^It is not practicable to use a dii:ect 
mechanical drive through a gland, because vacuum 
tightness must be ensured with an electron-jet instru¬ 
ment, and relatively high speeds of rotation are required 
(Dufour uses up to 600 r.p.m.). A more reliable form, 
of drive (with which, however, the precaution men¬ 
tioned below would be more necessary) is the induction- 
motor method ; this might well be constructed on the 
lines of the drive to the Holweck * molecular vacuum 
pump. In this connection Wood f (1923) recommends 


Fig. 62.—Bufour^s time motion for middle frequencies. 

that the magnetic or electric drive to the drum should 
be switched off during the actual period of recording to 
avoid disturbances of the jet by stray fields—the drum 
continues rotating by its own inertia. 

(vi) Time-scale calibration .—^Dufour uses an * inde¬ 
pendent method of fixing the time scale for each* record. 
A beam of Hght is periodically interrupted by an elec¬ 
trically driven tuning fork, and is allowed to sliine on 
the edge of the rotating film during the period of regis¬ 
tration (controlled in fact by the timing switch 
mentioned). With this arrangement no difficulty arises 
due to speed variation from allowing the drum to run 
free during the record. 

(3) MOTION IMPOSED ON BOTH SCREEN AND JET. 

For frequencies above a few kilocycles per second the 
speed of the sensirive film (on thefdrum surface) cannot 
be made suffiqjently great. 

The component deflection of the jet controlled by 
the phenomenon to be studied (called '' 2 '*) is now 
turned through a right angle, so fhat the coirespond- 
ing deflection occurs perpendicular to the axis of fhe 
drum (see Fig. 62). Its place is taken by an auxiliary 
oscillation of the indicator (called produced 

by a ma^etic field. This auxiliary deflection is con¬ 
trollable in frequency from 100 to 10 000 cycl^ per 
sec., and is giv^ a large amplitude so that the - 

* See KbJiogrophy, (123 and 12^. t (92). 


indicator travels from end to end of the drum. In 
practice the power for Y is derived from a variable- 
speed alternator (up to 800 cycles per sec.) or from a 
Duddell singing arc (up to 20 000 cycles per sec. if 
desired). The best ratio between the frequencies of 
Z and Y lies between 60 and 160. 

Dufour describes this method of his as the ** second 
tecl^que with the timing switch,'' and uses it for 
middle frequencies " up to about a iiiillion cycles per 
second. It is found that the speed of rotation of the 
drum is still a limiting factor*—j^a point was reached in 
one example shown where the sfUxiliary oscillation Y 
caused complete darkening of the film. In thi^ example 
the frequency of Y was 9 000 cycles per sec., ai^d that 
of the unknown Z was 1 • 1 x 10® cycles per sec. Under 
such circuinstances obviously only damped 'wave-trains 
may be investigated. 

Sustained oscillations ('* C.W.") may be studied if 
broken up into trains (" tonic train "), but the duration 
of each train must be less than half of the time period 
of Y, and the interval between ’trains (corresponding to 
spark frequency") a considerable multiple of this 
period. This method was tested with Z at 160 kilo¬ 
cycles per sec. from an arc (Y at 2 600 cycles p€r sec.), 
using a specially-designed mercury jet interrupter 
giving a ■train frequency of 84 cycles per sec. (running 
at 2 620 r.p.m.). 

(4) MOTION IMPOSED ON JET ONLY. 

For high frequencies, of about a million cycles per 
second and upwards, Dufour* (1920) obtains Ms 
extended time scale wholly by auxiliary deflecting 
fields—the photograpMc plate is held stationary. The 
deflection Z and Y remain as before, but the relative 
motion of the indicator, previously produced by rota¬ 
tion of the drum, is now produced by a single rapid 
traversal of the electron jet, c^ed " X." The method 
used for containing this rapid linear motion of the 
indicator is as followsThe jet is first deflected well 
off the screen in the direction of ■the required traversal 
(to position T^, Fig. 63) with either a permanent 
magnet or an electromagnet. Then an air-core solenoid 
is excited, wMch gives an opposing field of twice the 
value ; tMs brings the indicator to position T'. For 
obtaining a recordj^ the solenoid circuit is broken, so 
that the indicator moves from T' to T^. 

The switch used to interrupt this circuit was a fine 
wire dipping into mercury and covered with alcohol; 
a condenser (capacity 4jLtF) was connected across its 
terminals, and this with the absence of iron caused 
exceedingly rapid rupture of the current, so that the 
duration of the trace (passage of indicator across screen) 
could be reduced to 0 • 00006 sec. 

As with the previous methods, a timing device is 
necessary to operate the unknown quantity and to 
control the Ijjgh-tension power to the^' electron-jet 
instrument. For high-frequency work the latter was 
supplied by a step-up transformer from an altema'ring 
supply; therefore a synchronous motor was used to 
drbfk thi^ timing device so that to instrument could 
be op^al^ on the peak of the P.D. wave without 
necesgitaring ihe iwe of a reprifier or smoothmg apparatus^ 

♦ See Bj.bliograpliy, (88). 
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The method has been usecf fox frequencies up to 
70 X 10® cycles per'’sec; the auxiliary oscillation Y 
has to be of higher frequency than previously, e.g. 
270 kilocycles "‘per sec., and is supplied by a Poulsen 
tyTpe high-frequency arc. 


T. 

T# 

1 

^ 1 * 


* • 

1 


No 

deflection 

' il 

T alone 



Fig. SSi"—Dufour*s time motion for high frequencies. 


To extend the frequency range, a further stage of 
extension of the time-scale was tried (see Fig. 64). 
The deflection of the indicator caused by the phenomenon 
to be studied was turned through a right angle, so that 
it acted parallel to the auxiliary oscillation Y. Its 
place was taken by a second auxiliary oscillation 





however, there are two serious disadvantages, first the 
decrease in the recording ability of the jet due to itft 
smaller power; secondly, the increased * scattering 
tendency of the jet, and this not only destroys the 
accuracy of measurement but also detracts further from 
the recording ability. * , 

The requirement here is obviously a method of * 
focusing the jet. The problem has been solved very 
neatly in the oscillograph now manufactured by the 
Western Electric Co. In this instrument the accelerating 
P.D. may be as low as 260 volts, and wlule considerable 
further improvement may be still desirable this consti- 
tuti»^ a big step in advance. Moreover, the focusing 
method employed in this case possesses the additional 
advantage of requiring an increased intensity in the jet, 
and this factor largely compensates for the low velocity 
in respect to recording ability. There seems to be no 
reason to suppose that the method may not be applicable 
to jets of even greater sensitivity. 

It should be borne in mind, however, that the unique 
advantage of the electron-jet instrument is. its faithful 
interpretation of electrical phenomena ho matter what 
the frequency of variation or the steepness of wave- 
front ; and if this characteristic is to be retained along 
with the improvements in other directions, alternative 
methods of focusing the jet must be devised. Further, 
unless the focusing method of itself gives sufficient 
improvement, it will be necessary to devise inde¬ 
pendent means for increasing the recording sensitivity 
of the instrument. One method that presents itself is 
to increase the power in the jet available at the 
recording screen without, if possible, affecting its 
sensitivity to deflection. Alternatively, the attack 
may be made on the fluorescent layer or the photo¬ 
graphic emulsion to render them more sensitive to 
the impact of slow electrons, for example by convert¬ 
ing a higher proportion of the incident energy into light 
energy. Thirdly, due to the non-proportionality between 
the intensity of the indication (e.g. light) and the 
incident energy, an improved sensitivity should be 
obtainable by concentrating the given total incident 
energy so as to give a higher energy density. 


Fig. 64.—^Dufour's time motion for extra-high frequencies. 

% 

(called Z,'' the unknown quantity being now called 
** Z' of higher frequency than Y. The power for 
producing Z was supplied by a Poulsen axe, up to 
2 X 10® cycles per sec., for example; above this figure 
a spark generator was used. The method was tested 
with frequencies of Z' up to 220 X 10® cycles per sec. 


PART 3, 

(IX) limitations'AND DIRECflONS FOR 
IMPROVEMEJTT, ^ 

Competitioii with the classical types of elecijical 
measuring instmnilmt calls for considerably «mproved 
deflecHonal sensiHvity in the electron-jet insteument, 
and it is to. meet, this dem^asd that Attention has been 
paiH to low-velodtyjets. Accq:i?ipanying theuseof these. 


(X) CONCLUSION. 

It will be seen from this siirvey of tiie subject that 
during the last quarter of a century there has been a 
vast ‘development in the cold-cathode |.nd later in 
the hot-cathode tubes, and in the technique of their 
application to measuring extraordinary rapidly vary- > 
ing electrical quantities. Thus to-day a single tran¬ 
sient quantity operating the tube may be seen by lb® 
eye with the spot on the fluorescent screen travelling 
at 226 m.p.h.; and further, with internal photography 
such a quantity ihay be recorded when the spot travels 
at 2 000 000 m.p.h. (i.e. 0-3 per cent of the velocity of 
ligbt). 

At tbe same time it will be obvious ^bat finality 
has not been reached in this subject Measuremente 
in Electrical Engineering by means of Cathode Rays''; 
but it is hoped that future investigators may find this 
pape^r of assistance in indicating successful Unes of 
attack," 
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’appendix. 


By R. Mines, B.Sc.r Student. 


(XI) THE JET AS A MEASURING DEVICE. 

(A) General Properties of an Electrified Jet. 

(1) DEFLECTION OF THE JET. 

(a) Controlled hy a deflecting field, with constant jet 
velocity. • 

(i) Infinite deflecting field .—In Fig. 66 let AO 
represent the jet of a jet measuring instrument—^it 
may consist of solid material particles, liquid, gas, or 
^ non-material * particles—and let v be its constant 
linear velocity of projection in the direction AO, At 
the point O the jet emerges into the influence of a 
field of force, used for deflection of the jet. For the 
moment this field will be assumed of uniform strength 
and constant direction in the space to the right of O. 
Let the transverse component of the force acting on 
the jet be a units per unit of length of the jet. Then 
each element of length "bx of the jet experiences a 
transverse force abx. Such element, however, has a 
mass pbx. It therefore sufi^rs a transverse linear 
acceleration 

V ft ^ = o/p 

Suppose the deflection of the jet to be observed at 
a point P of its path, such that it has travelled a 



It may be shown also that on reaching Q the jet has 
a transverse component of velocity gi\i8en by 

or L 
p V 

Therefore if the jet is allowed to travel a further 
longitudinal distance jB, free from deflecting force, 
before observation, it \idll acquire an adfiitional 
transverse displacement 

, or L B aLB 

y - -X - =: —^ 

P V V pv^ 

The total transverse displacement at the point S is 
then the sum of y and y\ or 

1 (r/Xy aLB 

2 p\v) av^ 

-p‘VA2 + V = p’lF 

where D is the distance from the mid-point of the 
deflecting field to the screen (see Fig. 66). 



Fig. 66.—Jet passing through a bounded deflecting field. 


longitudinal distance x under the influence of the 
defecting field. The time taken for the element to 
reach P from O is xjv, and the transverse displace¬ 
ment that takes place during this time interval is 


^ 2 * 

y = r (acceleration) (time)® = i 

2 p\vJ 

, The deflection then shows a linear relation with the 
deflecting force. Note also that the deflection varies 
.with the squaare of the distance x, and also inversely as 
the square of the jet velocity v. 

(ii) Finite deflecting field .—Consideftng now Fig. 66, 
the deflecting field is shown as of finite extent, 
measured by L, and the jet now leaves its influence at 
the point Qwr 

From the preceding result the transverse displace¬ 
ment of the jet at the point Q is 


y 


1 

2 



As before, the deflection is proportional to the 
deflecting field when the jet velocity is held constant. 

(6) Controlled hy the jet velocity, with a constant 
deflecting field. 

It will be noted in the results formulated above that 
the velocity of the jet is one of the factors controlling 
the magnitude of the deflection. Owing, however, to- 
the inverse relationship, to preserve a definite deflection 
it fe necessary to maintain a finite velocity of the jet. 
This condition is secured if the variable quantity is 
allowed to eflect only a change in the velocity, and 
hence the Idnejic energy of theqet (see Section XI, A, 3). 
The variable then ^lay control a flow of energy (an 
amoiftit of power) which is added to the normal constat 
power supplied to the jet. 

Ilius, ^ u is the change in the^^elocity of the jet,. 
We have 

• .. 

• * deflation F «S ^—L_.?££> . 

, {v + u)^ p 
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where u is the applied variable? Similarly the resulting 
variaWe, or indicated quantity, is the change in 
deflection that results, i.e. 


For convenience call 

t 

and 


2?r/«o 



p {v + u)^ p 

„ Or^„2OTt + M2 
“ p AV + «)2 


Then the required instantaneous value 

= Xsin2n/(«o + ^-^) 
= Xsm(0 + ^) 




This complicated expjr^sion simplifies considerably in 
the case when u is sufficiently small to be negligible 
in comparison with v, for then v may be written for 
{v + u% and may be neglected, so that 

p V* 

i.e. it is proportional to the applied variable u, and is 
also inversely proportional to the cube of the constant 
component of tih.e jet velocity. 

(2) FREQUENCY ERROR. 

(a) Defiectional error, 

^Referring again to Fig. 66 , it will be seen that each 
element "bx of the jet is in its turn under the influence 
of the deflecting field for a finite time interval, the time 
Llv which the element takes to pass from O to Q. It 
may be verified from the investigation below that the 
deflection registered by the jet measures not any in¬ 
stantaneous value of the quantity controlling the deflec¬ 
tion (as has been assumed in Section II) but its average 
value (arithmetic mean, because of the linear law) over 
the interval of time Lfv, But obviously, as long as the 
fractional variation of the quantity during this time 
interval is negligible, the deflection may be regarded as 
measuring the instantaneous value, corresponding for 
example to the instant when the jet element p^es 
the mid-point of the field. However, this fractional 
variation may become appreciable, due to the rapidity 
of variation of the deflecting field as compared with the 
jet velocity, i.e. the mean value registered by the jet 
ceases to be equal to the instantaneous value required ; 
the difference is the freqttency error of the jet. 

If the jet element whose deflection is considered 
passes point O at time then the Reflection is equal -^o 



the deflecting field being a function of time [i.e, 
=/(«)], and this is not necessarily equal to the 
instantaneous value 

M'o + rr) 

In the first instance assume tl^ case of a sinusoidal 
periodic quantity, such tliat 

C 7 = X sin ( 27 ?/^) ^ 

where/is its frequency, * 

♦ Here R is the “ calibration oonSlRinr of jet instrumenCand from 
Section XI, A, 1, (n) (ii) X *=» LDjifiV^ ^ 


But the indicated deflection, divided by K, gives 


r r^+(X/t» 

^ J X sin ^rrftbt 














+ cos &] 


which reduces to 


- 7 -sin<^ sin ( 0 -I- 
9 

Thus the ratio of the measured quantity to the tnie 
value constitutes a correction factor by use of which 
allowance may be made for the frequency error. 

_ indicated value _ 

This ratio required instantaneous value 

(X/^) sin ^ sin (0 + 

^ X sin (0 + ^) 



T^is relation between B and ^ is shown in Fjig. 67. 
Notice that i 2 is a periodic function of with an 
amplitude decreasing as ^ increases, i.e. as the fre¬ 
quency / is progressively increased, or the jet velocity 
V is progressively decreased, the factor R falls froqj. its 
initial maximum value unity, passes through zero to a 
negative maximum (value about — 0 * 22 ), swings back 
through zero to a positive maximum, and so on. 

For small values of <f> it will usually t>e more con- 
wnient to determine the fractional or percentage error; 
thus 

fraction'cil ^or 8 = 1 — 

From Fig. 58 we read the followiiig values :— 


Percentage error 

0-01 

0-1 

1-0 

10 

8 



riv 

* 

JL 

( 7 } ■ • • 

0^024 

0-077 

0-246 

0-79 

^ • 

0-00765 

0-0245 

0-0784 

0-252 
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It will be seen that, up to the highest value shown, 
the error follows closely a square law with respect to 
<j>, the relation being approximately 

S = 0-166^2 


(&) Phase error, • 

In jet cyclographs it commoner happens that the 
two deflecting fields act on the jet at different parts 
of its path. The difference in sensitivities, due to 



Fig, 67.—High-frequency error of the electrified jet (correction factor iJ). 


A^Tien investigating non-periodic and transient quan¬ 
tities, the formulae given may be applied individually to 
each sinusoidal component or harmonic present. 



the different distances between the two deflecting 
fields and the recording screen, is easily allowed 
for in the calibration of the instrument, but a further 
error arises due to the finite velocity of the jet. 
If Ilf is the effective distance between the two 
deflecting fields, then each element of the jet takes a 
time Mjv to pass from one field to the other. As a 
result this time-lag appears as an error on the cyclo- 
^am; with peiiodic deflecting quantities it may be 
interpreted as a phase difference; and with sinusoidal 
quantities as a phase angle, a ; then 

or ^ = 

v2tt V 277/ 

where T is the time period and / the frequency of the 
periodic quantity. Thus 


This error may be allowed for by taking a second 
(yclogram with th5 positions of the deflecting fields 
interchanged. This second cyclogram must be cor¬ 
rected for the differing sensitivities, so that each 
quantity preserves the same calibration constant for 
the two cyclograms. The two cyclograms are then 
co^ectly superimposed, i.e. with corresponding axes 
coinciding in both direction and sense; then since 
the# OTor in the second cyclogram is of* the same 
magnitude as, but opposite in sign to, that in the first, 
a mean curve between the two will give the correct 
time relation between the two p^iodic quantities. 

• (3) p6wer in the jet. 

Each element of length of the jet has a mass pha? 
and travek with a velocity v; it the?sefpre possesses an 
amount of kinetic energy J x p2ix 
The^ time talcen^b^ sucl^^^ element to pass a fixed 
point is dx/v, Herifce the numbej: of elements passing 
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such a point in unit tide is vj'^x and the total energy of 


these is 


{J X phx X v^) X 

= ^ 




which is the power flowing past the fixed point and 
carried by the jet (note that it is proportional to the 
cube of the velo^ty). 

(B) The Electron Jet. 

(1) PHYSICAL CONSTANTS OF THE ELECTRON. 

Th^ electron carries an electric charge or quantity of 
electiricity which, having so far proved to be indivisible, 
may be regarded as the “ atom ** of electricity. Its 
value is 

4-77 X electrostatic units 

1-69 X 10 "“^ electromagnetic units 
or 1*69 X 10-1® coulombs 

When in motion the electron behaves as though it 
possessed mechanicai inertia, which for Ipw velocities 
of mokon (compared with the velocity of light) remains 
constant at the value 

8*96 X 10-^® gramme 

It is perhaps more strictly accurate not to- call this 
quantity “ mass,'* but to define it as ratio of a force 
which may be applied, to the particle, to the linear 
acceleration of the particle caused by the applied force 
—for it is found that when the electron: moves with 
velocities in the neighbourhood of that of light this 
ratio increases in value. 

Lorentz, Abraham and others have suggested explana¬ 
tions of this phenomenon, and have deduced formulae 
depicting the relation between inertia and velocity. 
Jones * has shown recently, however, that the formulae 
of Lorentz more nearly fit his experimental results on 
cathode rays, and accordingly these formulae are used 
here.. They show that the increase of the inertia of 
the electron is greater for forces acting parallel with 
the velocity (longitudinal forces) than for forces acting 
perpendicular to the velocity (transverse forces), the 
ratios of increase being as follows : ^ 


For longitudinal forces, . (1—/ 

and for transverse forces, = (I—/ 


l)-3/2 

iv-I/2 


it enables reasonable sensitivity to deflectionto be 
obtained in spite of the very high velocities of thp 
electrons in cathode rays (ranging from l/30th to l/3rd 
of the velocity of light). 

(2) ENERGY RELATIONS OF THE ELECTRON JET. 

•> 

{a) Velocity. 

An electron immersed in an electric field whose 
strength is X, experiences a force Xe in the direction 
of the field (but, with the accepted convention of 
signs, Jn the opposite sense, due to the charge e 
on the electron being negative). In the absence of 
constraint, therefore, the electron moves, and for each 
element c)»p of its path it acquires energy by an amount 
Xebx ; hence if it starts from rest and moves a distance x 
without resistance its total kinetic energy becomes 


where j3 is the ratio of the electron velocity to the 

velocity of light. /^r r> 

It will be discovered in a succeeding Section (Ai, p, a) 
that the determining factor in the respo^e of an electron 
to a deflecting force is the ratio of its charge to its 
inertia : the value for low velocities is 

1-77 X 10’ C.G.S. (electromagi^etic) units per gramme 
or 

1 • 77 X 10® coulombs/gramme. ^ 

It is this extremely high value that tenders the 
electron so useful in jet-measurift§; instrum^te, smce. 
* See BibUogAphy, fi.26). 


w ^ \xebx = efi 


Xbx 


But [xbx is the potential difierence E over the dis- 
-*0 

tance x, hence 

= eE 

Now Wat = inertia of the electron 

in the direction of the acquired velocity,, 


whence 

and 


^ = Ee ^mi 

-v© 


The vdocity then is proportional to the square root 
of the accelerating P.D.. as long as the inertia remain 
sensibly constant. The exact relation is shown in 
Fig. 69. 

{b) Power. , 

l£v is the linear density of electrons in the jet, then 
the'rate of flow of electrons is vv. But each, carries 
an amount of energy W = therefore the rate of 

flow of energy, or power carried by the jet, is the 
product 

As in the general case (Section XI, A, 3), this is propor¬ 
tional to the cube of the velocity. 

Alternatively, however, F = aE, giving power in jet 

•» 

^ ^ eE X VV ^ 

Now vy X 6 ^ tile rate of flow of charge, i.e. the current J 
carried by the jet, whence 

^ power = El 

(3) DEFLECTION OF THE ELECTRON JET.’ 

(a) Field control. ^ 

(i) By cin electric field. —^In an electron jet which is 
undef the influence of an electrostatic deflecting field 
whose component perpendicular to the ]et the 

value X the transverse acceleration of the jet is that 
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of its* component- particles, and from the preceding 
^ction this is 



mt being the' inertia of tl\e electron in a direction per¬ 
pendicular to the jet velocity. 

From Section XI, A, 1, (a), (ii), the deflectipn registered 
by the jet on the screen is 






_ XeLD r _ Xe^/{1 ^ (vVc^)} 


L 






The deflection varies inversely as the square of the jet 
velocity. 


deflecting fleld for a unit applied electrical quantity, 
depend upon the construction of th^ instrument. Hence 
the value of the jet as a measuring, device in any par¬ 
ticular instrument is found by eliminating these factors 
from .the measured sensitivity of the instrument—the 
result, which may be called the ** specific sensitivity ** 
of the jet, for deflection by an electric field is 


-r XLD = 




and similarly for a magnetic fiel<f is 


4- HLD = — 

In the case of an electron jet, therefore, the relation 



(ii) By a magnetic field ,—^If the jet is immersed in a 
magnetic field whose component perpendicular to* the 
jet is .ff, the force acting on the element £)aj is giveif by 

= H'bx . vev 


But the inertia of this element of the jet to transverse 
forces is v}ix . since there are electrons contained 
in the element; its transverse acceleration will therefore 
be 


= H'bx . vev vbx . 
Hev 


As before, the deflection registered hy the jet is 

\ld 


Fm = ff 






' - r - - Wc^)} -| 

^ m^v J 

Hots that in this case the deflection varies inversely as 
the power of the jet velocity.' * 

(iii) Specific sensitivity,—In an actual electron-jet 
^instrument, the len^l^s L and JD, and the value •f the 


between the specific sensitivity and the velocity of the 
jet is more complex than in the general case. Fig. 59 
enables the relation to be determined. 

Nevertheless, over the range for which the electron 
inertia- mty be regarded as constant, the specific 
sensitivity varies inversely as -the square of the jet 
velocity for electric (Reflection, and inversely as the first 
pc^wer for magnetic deflection. Thus a high-velocity 
jet is relatively more sensitive to magnetic deflection, 
and a low-velocity jet relatively more sensitive to 
electric deflection. 


(5) Velocity control, 

{^•Witk constant electric field ,—^As in the general 
case [see Section Xl, A, .1, (5)] the deflection of the 
electron jet may be controlled by its velocity, the jet 
passing through^a constant deflecting field, .equally as 
well as by a variable field acting on a constant'velocity 
jet. • 

If the constant field is an electrostatic one, the 
deflection (from the preceding Section^is^ 
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and when the variable component u is added to the 
velocity the deflection is 

XeLD 

' ~ nn(v + m )2 

The useful indication of the instrument is therefore 
the difference, which was found to be 

^ ^ XeLD 2vu + 

% 

In circular oscilldgrams, more especially with a 
high ratio between the frequency of the applied 
periodic quantity and the speed of rotation of the time 
scale^ it is possible to work with 2)Y small compared 
with T ; this means that u is small compared with v, 
and renders possible a simplification of the above 
expression, which in turn simplifies the calibration of 
the instrument. 

Then in the limit when ulv is negligible, D F becomes 


electron jet, though it is more convenient to transpose 
it intp the form « *> 

=8-7-0; 

or / = J X o-^sa-s/S 

where f is the frequency limit for a specified error 8 of ' 
an instrument wherein L and v are known. 

(&) Phase error. 

<• 

Similarly, from Section XI, A, 2, (6), the phase error 

27rfM 
a -- 

V 

and this formula also applies directly to the electron jet. 
Transposing, we have 

V a 


^Y = 2 : 


XeLD u 

nit 


i.e. a linear law holds between the indication and the 
applied quantity. 

It may be mentioned here that it is desirable to 
keep* u relatively small when a high-velocity jet is 
used, to minimize errors due to the change of inertia 
(and hence in deflectional sensitivity) with change of 
velocity. 

(ii) With constant magnetic field .—^When the field 
us^ is a magnetic one, the expression for the deflection is 


and similarly 



HeLD 
m^v 
HeLD 
mi(v H- u) 


whence the useful indication is 


HeLD u 
mi v(v + u) 


and when u is negligible compared with v, this reduces to 

_ _ HeLD u 
^F =- 

mt ^ 

i.e. the linear law holds just as in the'previous case. 


(4) FREQUENCY ERROR. 


(a) Deflectional error. 

In Section XI, A, 2, (a) it has been determined that 
for errors up to 10 per cent at least, the JErequency error 
8 for an ‘‘electrified jet (expressed^ as a fraction of the 
true value) follows closely the relation 


* 

This formula applies wfthout modification io the 


Note that a/(27r) is the phase error expressed as a 
fraction of a cycle, 

(6) SCATTERING '' OF THE ELECTRON JET. 

{a) The dispersive force. 

It has been noted (Section VI) that one of the causes 
of the scattering of the electron jet is the inherent 
mutual repulsion between the electrons composing the 
jet, and it is proposed here to investigate the forces 
causing such motion and hence determine the relative 
importance of the effect. 

Assume an electron jet whose initial condition is an 
exactly parallel motion of its electrons, their velocity 
being constmit and equal to cm per sec. Further 
assume that the jet is circular in cross-section and 
that initially there is uniform distribution of the 
elections over the whole cross-section. 

Ill Figs. 60 and 61 is shown a cross-section of 
the jet; the circle ACBD represents the boundary of 
the jet, of radius R cm and centre P. Let O be any 
electron within the jet, the force on which it is required 
to determine; define its position by its distance from 
the jet axis, x = PO. 

By symmetry it will be seen that the forces exerted 
on the electron O by the electrons within the segment 
ADBO are neutralized by the forces^ of^those in the 
gortion AEBO; this portion is a se^ent of a circle 
also of radius It, whose centre ‘ts Q, such that 
PD = EQ = R. ^ 

It is necessary to consider therefore only the part of 
the jet AEBC ; the force on the electron O due to this 
is radially outw^ds along the direction OQ. Suppose 
this part to be divided into a large number of ele¬ 
mentary longitudinal filaments, each of cross-sfictional 
area dA, where A is the cross-sectional area of the 
whole jet (-4 — ttB®). ^ 

If V is the linear density of electrons in the whole 
jet, thbn (bAlA)v is the linear density of electrons in 
each filament, and the linear density of charge is 
(MM)ye. 


Recording Power of Some Electron Jets, 
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* Extracted from a Report to the British Electrical and Allied Industries Research Assodation. 
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It may be shown that the force exerted on electron O 
by the whole filameat is 

T, <2-J- 

TK A 

where t is the distance of the fialment from O, and 
the required radial component is 

ft «' 

2eh/'dA ^ SeV 
——cos 6 = —r cos dldlr 
tk.A ^ kA 
'y 

since 2)^ = X r'd&. 

The radial force due to the elementary sector KM 
is obtmned by integrating this expression with respect 


position in the jet, i.e. xJH = y is constant; hence the 
forceflon it is » *• d 

1 

Le. the " dispersing force '* 'is inversely proportional 

to the size of the jet. j a « ^ 

Now if I is the current in the jet, and is the 
current density (which has been assumed uniform), we 
have 

I ss j/ev 

^ — AttB^ 

» I 




ITigs. 60 and 61.—Cross-?ection of jet. 


to r between the limits = OK and ~ OM. The 


result is 


iehfx 

xA 


cos^ d'bO^ 




Similarly by integrating with respect to 0 between 
the limits - Jtt and + ^ (corresponding to the points 
A and B) the total radial force is obtained 

46 ^ 7T ^ ^ 

kA 2^ k ^ 

since A = 

Note th^t at any instant the force^ acting on any 
electron’is proportional to a?, its distance from the 
centre of the jetj electrons at the centre therefore 
experience no force, as would be expected ^from 

syimnetry. ♦ , . j-i. 

Secondly, if th^ distribution of electrons ovct the 
cross-section of the jet remains ulitfOTm wlul^ the jet 
is expanding, each dectron must hiaintain its relative 


Thus the dispersive force may alternatively be written 

.z£ 

KV B 


or 


KV * 


(&) Th& dispersion of the jet # 

The radial displac®ment of any electron after a small 
time interval is proportional to its acceleration and 
hence the force acting on it, since it starl5 from rest (the 
jet being assume^ initially parallel). This displacement 
then is proportional to the radius, and as a result of 
this the electron maintains its relative position irfther jet. 
Initially, therefore, the distribution of electrons through¬ 
out the cross-section of the jet tends to retnain uniform 
during its expansion. 

Assume that this condition holds for ^ a ratio of 
expansion x, such that = xBq, where B^ is the 
initial fadius of the jet and B^ its radius after a time t 
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(measured from its parallel starf). Then the law con- 
Meeting the force on an electron wiiii its radius remains 
true, and, for the bounding electrons of the jet, 

• 1 

• Force -- •-— (since y = 1) 

K JtCrM 

Now the acceleration of each of these electrons is 
(fi (fix r 

fix 2e^v* I 
K RqX 

(fix _ 2e^ 

This equation gives the required relation between the 
expansion ratio x and the time t. 

On substitution of the radial velocity (dldt)Bt 
the bounding electron the equation becomes of the 


Then 

or 



first order, and on subsequent integration it reduces to 
the form 


t 


^2 f ^ 

2e'\\ V )}<\/{logfX) 




From this equation was obtained the relation between 
X and t shown by the curve (Fig. 62). 

Now since the jetjias a constant velocity v, we have 
««= vtt so that the equation may be written 


8 


^ j(KmA r 1 

^2e ^ \ V / J Vlogg ^ 


"dx 


where s is the distance travelled in time t, and therefore 
measures the position along the jet at which the 
expansion ratio is x. The curve" lierefore gives the 
relation between x and 5, i.e. the shape of thh jet. 


(c) Characteristics of the phenomenon, ^ 

An inspection of *tJie curve (Fig. 62) shows that it 
commences as a parabola and then tends to become a 
straight line; this leads* to "^o useful results, which 
may also Ije deduced from the formulfs 
•(i) At tile commencement of the jet's motion the 
• radial,velocity of#t6e electrons is zero; hence their 
radius (position) and sd their acceleration may be 
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assumed constant, under wMcIi condition their dis¬ 
placement (measured by x — 1) is proportional to the 
sq^uare of the time t and the distance a. 

(ii) In the ^ limit when is large compared with 
i?Q, the force and hence the radial acceleration <A 
electrons tends to zero, hence their radial velocity 
may be assumed constant; the displacement therefore 
becomes a linear function of the time t and distance a. 

More important, perhaps, are other properties that 
are suggested by the formulae 

By substituting as, in Section (a) the alternative 
expressions for the lihear electron density. 




An^i^O 


ev 


the constant in the equation takes the forms 


and 


ttc ) 


(iii^ If therefore the current density and the 
velocity >0 are kept constant, os may be Achieved in a 
cold-cathode instrument by maintaining constant dis¬ 
charge conditions, the distance 8 travelled by the jet 
before a given ratio of expansion x occurs is independent 
of variations in the initial diameter 2 Bq (controlled by 
the size of the diaphragm hole), 

(iv) If, however, the current is made constant, the 
velocity v also remaining constant, the time t and the 
distance 8 taken to reach a given fractional expansion 
X are proportional to the initial diameter (222 q) of the 
jet, i.e. the smaller the jet, the faster it grows, 

(v) If the initial diameter is constant but the current 
iq the jet is varied, the time t and the distance s for a 
given value of x vary inversely as the square root of 
the current 1, i.e. the more intense the jet, the faster it 
grows. 

(vi) With the initial diameter and the current held 
constant, the time t for a given x varies directiy as the 
square root of the velocity v ; but the distance 8 varies 
as the 3/2 power of the velocity, i.e, the slower the jet, 
the faster it grows. 
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XHE ELECTRICAL CONDUCTIVITY OF CERTAIN LIGHT ALUMINIUM 
ALLOYS AND COPPER CONDUCTORS AS AFFECTED BY ATMO¬ 
SPHERIC EXPOSURE.* 


By Professoii Ernest Wilson, Member. 

{Paper first received 21s/ April, and in final form 20th July, 1925.) 


Summary. 

The paper deals primarily with the effect which atmo- 
sphenc exposure has upon the electrical conductivity of 
certam light aluminium alloys, the period of exposure ex¬ 
tending to 24 years. Twenty-iive alloys of aluminium with 
the metals copper, nickel, manganese and zinc in amounts 
not exceeding 1 or 2 per cent have been tested at intervals 
for electrical resistance, whence the variation in conductivity 
has been found. In the case of copper alone, or copper and 
manganese jointly, the conductivity continuously diminishes 
in value, whereas with copper and nickel, or copper and zinc, 
or combinations of all three of these, the conductivity at first 
decreases, and then in some cases increases in a remarkable 
manner, finally attaining a more or less constant value. • The 
factors concerned are the specific resistance of the alloy and 
the loss of metal due to corrosion, and it has been found 
possible to separate the total variation into these two classes. 
Some further work deals with the exposure of copper con¬ 
ductors. 


This paper brings together the results of a series of 
exposure tests .of certain light aluminium alloys and 
copper conductors which have been in progress since 
1901, and which have been reported upon from time 
to time at meetings of the British Association.f The 
physical properties of the aluminium alloys were dealt 
with in a paper read before the Institution,! "to which 
refereupe should be made for further details. Alf the 
specimens are in the form of wire 0*126 inch (3*2 mm) 
diameter, and have been exposed on the roof of King's 
College, London. In Table 1, which is taken from the 
Institution paper, will be found the composition and 
certaimother data relating to the alloys before exposure. 
The tests to be now considered consisted in measuring 
the electiical^resistance of each wire in the months of 
July or August ^in any one year, and reducing the 
resistance to 16^ C. by aid of the temperature coefficient 
given in Table 1, Idie assumption being that the coeffi¬ 
cient has remained constant. • 

A specimen pf each alloy has been, preserved in a box 
in the Laboratory, and the variation of specific resistance 
of certain of these specimens is given*in Table 2. All 


. ,7^®, Papera Committee invite written communications fwith a view 
publication if approved by the Committee) on papers publisl 

m the Journal without being read at a meeting. Communicatioiw should 
Si publicatiot 

p. ^70 , 1913, p. 6v6 ; 1915, p. 647 j also Engineering 1901 vol 72 t) 4( 
i 1012, vol. 69, p. 945; 1916, vol. 


these specimens are bright, with the exception of one 
or two which are very slightly clouded, and they are 
all in good condition. None of them was annealed, as 
was the case in certain of the exposed wires. 

Let be the electrical resistance, pQ the specific 
resistance, and rQ the radius of the wire belore exposure, 
and let p^, be the same quantities at time t during 
exposure. Then Trr^Jpi = ( 7 rrJ/pQ)(jR^i?^). In the graphs 
the values of are plotted against the tTme of 

exposure t in years. The variations in the ordinate 
are due to variations in the ratio of the effective con¬ 
ducting area to the effective specific resistance. In 
the case of an unevenly corroded wire the radius r 
has no very obvious meaning, and it does not follow 
that the specific resistance has a constant value over 
the conducting cross-section. 

It should be noted that all the specimens of Table 1 
were raised to about 100® C. in an oil bath during the 
determination of tlie temperature coefficient: in addi¬ 
tion, specimens 12 to 24 inclusive were annealed before 
exposure at a temperature of 435® C. The consequent 
increase in conductivity varied by small amounts" to 
3*8 per cent in the case of alloy 22. In the paper the 
conductors are grouped according to the elements 
added to the aluminium. 

Further tests have been made to separate the effects 
dqe to loss of metal by corrosion from those due to 
variation of specific resistance. The initial volume of 
unit length of the conductor is = a^, say, and the 
volume of the corroded portion of unit length at time 
^•is the weight of the metal lost divided by its specific 
gravity, equal to 6^, say. Then the ratio 

^ = A X 

Po ®o ~ 

where the first term deals with the^increase in resistance 
du^ to variation of specific resistance, and .the second 
term deals with the increase due to diminution of 
volume. Care was taken when removing the corroded 
portion not to^go beyond the point at which the elec¬ 
trical resistance of '^e conductor would be increased. 
The resistance of a known length of the conductor and 
its weight were then determined. With this infonu.a- 
tion^Sand the other known data thg ^gures given in 
Table 4 have been worked out, and fhe last two columns 
give tho calculatgdf and ^served values of the ra,tio 
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« - 

(I) Commercial Aluminium. 

Specimen 25, described as “ commercial aluminium,*' 
contains 99*56 per cent of aluminium and in this 
respect would appear* to correspond to the quality of 
aluminium now normally supplied for electrical con¬ 
ductors. The term commercial aluminium ” now has 
a particular significance in the aluminium industry and 
signifies, a metal of somewhat lower purity, such as is 
normally used for general purposes. Metal for electrical 


Table 2, 


Alloy 

Sp^dfic resistance 
at 15* C. 

• 

Difference 

1901 

1925 



microJxms per cm^ 

per cent 

4 unannealed .. 

.. 

2*88 

2*893 

+ 0*45 

8 unannealed .. 


3*24 

3*161 

- 2*44 

22 unannealed .. 

., 

3*41 

3*306 

- 3*05 

23 unannealed .. 

., 

3*49 

3*420 

- 2*01 

26 unannealed .. 


2-773 

2-773 

nil 


purposes, having a purity of 99*6 per cent of aluminium 
and over, is no longer described as " commercial 
aluminium." 

It is interesting to compare the properties of speci¬ 
men 25 with those of the present-day wires supplied 
for electrical purposes, as given in the recently issued 
British Standard Specification No. 216. The following 
table sunainarizes the differences for wires of 0* 126 inch 
diameter:— 


specimen. 25 differs in ifhportant respects from present- 
day electrical wires. • 

Although not properly coming under the copper- 
aluminium group the curve obtained (26) for this 
specimen is plotted in Fig. 1. Another specimen (26a) 
from the same coil and first exposed in 1911 has 
diminished in conductivity at about the Same rate, 
and has slightly increased in conductivity during the 
rest of six years in the Laboratory (TS.ble 3).' 

Referring to Table 4 it will be seen that tjhe specific 
resistance of specimens 25a and 25 has increased, and 
that the increase in resistance is largely due? to loss of 
metal. Great care was taken to establish the recorded 
increase in specific resistance, and a second piece of 
26a was tested and gave a value of 2*914 X lO”® 
at 16® C. The unexposed specimen ’(26) jvhich has 
been preserved in the Laboratory shows ino altera¬ 
tion in specific resistance (Table 2). On removing the 
corroded portion the metal is perfectly sbund. An 
examination of the corroded portion, kindly made by 
Prof. E. F. Herroun, F.I.C., shows that it consists 
mainly of alumina and metallic aluminium. It also 
contains sulphate in appreciable quantity, and a trace 
of chloride, also traces of iron probably deriyecf in part 
from the emety paper, but no zinc or nickel. I 

‘ ' i 

I 

(II) Aluminium-Copper. | f; 

It will be seen in Table 1 that’ specimensi 16, 4, 13, 
14 and 16, contain copper in ascending order* of magni¬ 
tude, and 24 is an aluminium-copper alloy; containing 
a definitely larger proportion of iron. Referring to the 
curves in Fig. 1, which are numbered to correspond to 
the specimen numbers'in Table 1, it is seen how greatly 


I 



specimen 25,1901 

B.E.S.A. Standard, 1^25 

Tensile strength 

•28 200 Ib./sq. iru 

26 000 Ib./sq. in. 

Elongation .. 

* 86 per cent (on 13 * 8 in.) 

2*0 per cent (on 10 in.) 

St)ecific resistance at 60® F. 

2 * 7795 microhms/cm® 

2 * 8066 microhms/cm® • 

Specific gravity .. . 

^•716 .. 

2*705 ■ ! 


The chief difference lies in the low value of the specific 
resistance, which is all the more remarkable in that the 
tensile strength of specimen 25 is higher than ?hat of 
the present-daji standard. Using the formula given in 
the British S^ndard Specification connecting the 
specific resistance R with the ten|ile strength Tp, viz. 

2*7320 -{- 2*8289 X lO^^Tp 

the specific resistance of the specimen should be 
2*^8112* microhms/cm® at 60® F., as against the actual 
value of 2*7796. The latter therefore appears low, but 
it was confirmed by tests made at the National Physical 
Laboratory at the time, under the date 9th July, 1902. 
This figure is fractionally higher than the one.given in., 
the Institution paper, which was obtained from anotiier, 
portion of the 3>ame wire» It would appear, therefore,* 
that though apparently comparable as regards purity. 


•the slope increases with the' percentage of copper. 
The deterioration of alloy 1§ progressed so rapidly 
that its useful life was reduced to a few years, and it 
is followed by 14 and then 13. Specimens:4, 16 and 
24 have steadily diminished in conductivity to about 
the same extent. 

^Referring, to Table 4 it will be seen that these three 
specimens have lost comparatively little metal by corro¬ 
sion. Their initial resistance, compares favourably 
with that of 26, and the final resistance is in’ the case of 
specimens 16 and 4 consideratfiy better then jttiat of 26. 

It is interesting to note that the unexposed alloy 4 . 
(Table 2) shows practicaUy no alteration in specific 
resjftance. 

. ♦ . 

• (III) Aluminium-Nickel-Copper. 

Speeflnens 7, 8,,20, 2^and 22, forming this group 
are all in good conditiqp; in fact some of them seem 
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to be almost as good mechanicaTly as when first exposed 
in 1901. Alloys 21 ^nd 22 are remarkable on account 
of their high brealdng load, and 22 difiEers from the 
rest in that its temperature coefficient of elec^ical 
resistance is about one-half that of the others. 


that there is initially a sm^ increase in condnctivity. 
In all(Jy 22, condhctivity has dropped in seven years 
to about 84 per cent, and, judging from the behaviom, 
of the copper alloys (Fig. 1), one might have thwght 
that this alloy (22) was so far^ deteriorated as to be ot 



Fig, 1.—Aluminium-copper. 



fiG. 3. —Aluminium-manganese-coppen 


Tlie type of curve in Fig. 2 differs from that in ^ 
in. that the initial faU is followed by a remar^ble 
recovery,. It vroi^y appear ffiat. in addition to co^ 
rosion, the, structure of the alloy Jias changed m ^ch ^ 
a manner as to increase ita cond^jcSivity. This, effect 
.is so strongly marked in the ^ase of alloys 21 and 22, 


little use. This is not the case and the specimen after 
24 years’ exposure is not only in good condition but 
has a conductivity 88’6 per cent of its original value. . 

The unexposed specimens 8 and 22 (Table 2) show 
that sp^fic resistance has diminished to the extent 
of 2 ■ 43= and 3 • 06 per cent respectively. It may be that 
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under the exposed conditions the diminution is more 
^severS, and if this were so it mights throw liglA upon 
the type of curve shown in Fig. 2. 

It will be seen in. Table 4 that all the specimens 


----- 

with time, and there is^no rapid fall follow;ed by a rise, 
as in Fig, 2. The unexposed specimen 23 (Table 2) 
shows an increase in conductivity amounting to 2* 01 per 
cent in 24* years. The increase in resistance (Table 4) 



forming this group have suffered but little by loss of 
metal. Nos. 7, 8 and 20 are exceedingly fine alleys as 
none of them has suffered great variation in conduc¬ 
tivity (Fig. 2). No, 7 has an initial resistance, jKq, 


due to loss of metal is very small in the case of all the 
conductors forming this group. No. 10 is the best so 
far as the initial and final resistances (jRq, are 
concerned. 


Table 3. 

Values of at End of Stated Intervals, 


Metal 

1911-12 


• 

Copper (annealed) 

1012 

1-020 

Copper (annealed!) 

— 


Copper (hard-drawn) .. . 

— 

— 

(26) Duralumin 


1-082 

(25a) Aluminium. 

•1037 

1-044 


slightly.higher than that of 25, but the final resistance, 
is smaller. 

^ • 

(I¥) Aluminium-Manganese-Copper. 

The alloys 9, 10 and 23 (Fig, 3) like the low-percentage * 
copper alloys (Fig. 1) steadily duninish in conductivity 



1916-16 

1916-19 

1919-25 

Specimen missing 

_■ 


_ 

— 

1-0054 

1-0224 

0-9954 

— 

1-0002 

1-0187 

e 

0-9958 

• 

1911-16 

1911-19 


1-096 

1-110 

: 1-150 

0-9941 

1-073 

1-102 

1-150 

0-9977 

• 

* 

(• 



The actual specimen of duralumin (26) exposed has 
not^been chemically analysed as in the case of all the 
other alleys, and it is stated to contain from 3-6 to 
6*6 per cent coppQjr, 0’5 to 0*8 per cent manganese, 
and about 0* 5 pef gent ^pjsgnesium. After eight years* 
exposure its conductivity has fallen to 87 per cent 
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of its initial value, and shows no sign of recovery. It 
Us possible that the high copper conifent is responsible 
for this. The dotted portion of curve 26 indicates the 
slight recovery due to rest in the Laboratory (Table 3). 
It was pointed out (British Association Report, 1913) 
that this alloy becomes brittle on exposure, and this is 
•evidence that it undergoes severe physical change. 

(V) Aluminium-Zinc-Copper, 

All the alloys (Fig. 4), with the exception of 6, have 
shown an initial fall in conductivity follow^ by a 
rapid recovery. Alloy 6 with small loss of metal 
(Table 4) has maintained a very steady conducti^ty 
(Fig. 4) but its initial and final resistances (Rq, H^), 
are rather high. No. 1 is superior in this respect, but 
its conductivity suffers considerable variation during 
exposure, and it has suffered a greater loss of metal. 

(VI) Aluminium-Zinc-Nickel-Copper. 

The initial fall in conductivity (Fig. 5) is more gradual, 
and in the case of specimens 12, 17 and 18 a fairly 
stable condition is ultimately attained. Specimens 11 
and 19 exhibit a considerable increase in conductivity 
after having passed the minimum. 


Alloy 11 has maintailied a relatively high conduc¬ 
tivity, and the increase in resistaiffce due to diminished 
volume is small. With the exception of 17, the values 
of i?Q and ♦jRj are somewhat high. The» loss of metal 
throiifehout is small, and increased specific resistance 
largely accounts for the increase in resistance. 

(VII) Copper. 

The results of the copper exposure fests given in 
Table 3. The specimens are about 80 ft, long and 
have a diameter of 0*126 inck (3*2 mm), and were 
supplied as high-conductivity copper in tiie annealed 
and hard-drawn conditions. The percentage increase 
in electrical resistance during the first year is greater 
in the annealed than in the hard-drawn state,, and 
after four years' exposure the hatU-drawn wire has a 
somewhat lower percentage increase, the figures being 
2*24 and 1*87 respectively. The specimens were then 
submitted to a rest of six years in the Laboratory, 
being loosely coiled up, and during this period a small 
diminution in electrical resistance has been observed. 

The author wishes to express his thanks to the British 
Aluminium Company, Ltd., for their kindness in supply¬ 
ing the note on what is now meant by commercial 
aluminium/' 
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THE TWO-SPEED CASCADE INDUCTION MOTOk.’ 
By A. H. M. Arnold, B.Eng., Student. 

{Paper first receivei SSrd February, and in final form May, 1926.) 


Nummary. 

The general conditions of operation of two motors in direct 
and differential cascade are considered, with special reference 
to the, possibility of the set running at a speed near tne 
synchronous speed of the primary machine, while still 
connected in cascade. 

Hunt^s cascade motor is next described. The tneoiy 
of the superposition of two fields in one 
is given, and vector diagrams are drawn of the 
to be produced by the rotor windings at each point, ine 
superposition of two currents of different frequency m the 
stdtor windings is next dealt with, and an account ^ ^ven 
of the experimental work carried out to verify this theory, 
by means of oscillograph records of the currents flowing m 
the vdHous coils of the stator windings of the motor tested. 


Table of Contents. 

(1) Speed of cascade motors. 

(2) Theory of Hunt's cascade motor. 

{a) The rotor. 

(6) The stator. 

(3) Oscillograph investigation of the currents flowing 

in the stator of Hunt's motor. 

The research c?trried out is based on the pap^ by 
Lr J. Hunt, entitled The Cascade Induction Motor 
(see Journal 1914. vol. 62, p. 406). 

(1) Speed of Cascade Motors, or Speed of Two 
Motors Connected in Cascade, 

The theory of cascade running is well known, ahd 
the formula by which the synchronous speed of a cascade 
set may be determined is given below. ' 

Let E be the speed in revolutions per second 
of the two machines at synchronous speed. The motw 
connected to the supply mains will be referred to as the 
primary motor, whilst the other will be referred to as 
the secondary motor. ^ 

Let Pi and P* « the numbers of pairs of poles for 
^ , which the motors are wound, 

N — the frequency of the supply cifbuit. 

Then the synchronous speed of the set is 


E ^ 


N 


- r.p.s. 


or 


60 

-2^ r.p.m. 


■P1 + -P2 

If two of the leads from idie primary rotor to the 
secondary stator are interchanged, so ths.% the 

«.tb .£t« paMiction of 

the paper to whi<i they rdate, ^ • 


secondary field rotates in the opposite direction, tiien 
jj NllPi — -P,) r.p-s. This is known as " differential 
cascade." 

ft should be noted that in this latter case the torques 
of the two motors are opposed to each other, so that 
the resultant torque is equal to the difference of the 
two torques. The performance of the set is, therefore, 
generally very poor. 

If P, is less than Pg, rotation takes place m the 
direction of the magnetic field of the secondary machine. 
The frequency of the currents in the rotor of the primary 
machine and the stator of the secondary machine is 
then higher than the supply frequency, with resultant 

high iron losses. . 

If P. is greater fhan Pg, rotation tak^ place m the 
direction of the magnetic field of the primary machine, 
and a stable speed is reached just below the synchronous 
speed of the primary machine. Above the synchronous 
speed of the primary machine there is a zone where the 
torque of both machines becomes negative, and regenera¬ 
tion of power talces place. Beyond this zone the primary 
machine begins to motor again, and its torque finally 
predominates over the negative torque of the secondary 
machine and a stable speed is reached below the syn¬ 
chronous speed of the set. It is therefore evident that, 
with this method of connection, the motors must be 
brought up to speed by external power. This may 
sometimes be done by running the machine with the 
smaller number of poles as a plain induction motor and 
them when the set has passed the generating zone, 
changing over the connections to differently cascade. 
The advantage of this method of connection is that the 
frequency of the currents circulating between the two 
machines is lower than with the &rst method.^ Differ¬ 
ential cascade sets have a very limited application. % 

When two motors are connected in direct cascade, 
it is also possible for them to run at tiie synchronous 
spee& of the primary machine, but in this case the 
speed is higher than cascade synchxQnous speed, ana 
when the set is started up from rest reaches a stoble 
speed just below cascade synchronous speed and thery 
fore does not increase its speed further. The point is 
of importance, however, if, as in mosti cases, the set 
has change-over switches, so that the primary machme 
can run as a jflain induction motor at a speed near 
the primary synchronous speed, while the secondary 
machine is disconnected electrically. (If = Pa» 
both machines may be connected in p^allel to me 
mains.) If, while running at this higher speed, the 
switch is changed over to cascade connection, provided 
that the resisting torque is below a certain va-lue the 

• See C. DELIA Salda: “Induction Motors in Differential Cascade, 
1922, vol. 9, p. 266. 
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set will continue to run at the higher speed, instead of 
<3lroppiif^ to the cascade speed. This^applies equally, 
of course, to Hunt's two-speed cascade motor, the 
higher speed being the g?eed of the machine as a simple 
induction motor. On light loads, changing over the 
connections will not bring the speed of the machine 
down to cascade speed. 

The theory of this will now be considered, and an 
actual example will be taken to illustrate it. Consider 
a 60-cycle, 4-pole-4-pole cascade set running at about 
1 460 r.p.m. with both machines in parallel on the 
mains. The connections are now changed over, «o that 
one machine is supplied from the rotor of the otljpr. 
The frequency of the currents now flowing in the stator 
of the secondary machine will be about 1 cycle, or the 
speed of magnetic field will be 60 r.p.m., while the 
rotor is rotating at 1 460 r.p.m. The slip is therefore 



Shaft torque of combined motors shown - 

. ; M II primary motor «• —;- 

II If 11 secondary « « -r— 

Fig. 1. —Shaft torque of two motors connected in dfrect 
cadtade. Synchronous speed of cascade set =760 
r.p.m.; S3nichronous speed of primary motor = 1 500 
r.p.m. 

negaMve, so that the torque becomes negative and 
regeneration takes place. This causes an increase of 
slip for the primary machine, i.e. a reduction in speed 
of the set, an^ the torque of the primary machine rises 
until it is sufficient to offset the negative torque of the 
secondary machir^. It should be noted that, a» 
regeneration takes place, no extra power is required 
from the mains beyond that necessary to supply the 
extra copper losses involved, so tliat the secondary 
machine really acts simply as an impedance and increases 
the losses of the set. It receives its pdVer through the 
shaft frpm the primary machine and regenerates elec¬ 
trical power back to the rotor windings of the primary 
machine. As* however, the primary machine has now 
to offset the negative torque of the secondary as well 
as to overcome the external torque, the slip will inqrease 
in order to provide the additional torque. The maximum 
external torque which the machine is capable of over- 
'‘Coming wiU be reduced, and if the external torque 


exceeds this, the speed wfll drop to cascade speed, when 
both motors will once more exert a^positive torque and 
a stable speed will be obtained (see Fig. 1). Methods 
have therefore to be devised of lowering the speed of a 
cascade set from its high speed to its cascade speed, if 
the load is not sufficient to accomplish it' automatically 
when the connections are changed over. With moderate 
loads the speed may be lowered by inserting resistances 
into the rotor circuits until the increSsed slip makes 
the speed equal to cascade speed, when the change-over 
may be effected. If the load iswery small, or if there 
is no load at all, the amount o? external resistance 
required may be excessive. In this case the only way 
of lowering the speed is to switch off the main supply, 
change over the connections, and then, when Ihe speed 
has fallen to cascade speed, switch in again*. 

Fig. 1 also shows that with cascade connections there 



Fig. 2. —Circle diagram of two motors connected in direct 
. cascade. S 3 nichronous speed of cascade set = 750 r.p.m.; 

synchronous speed of primary motor = 1 500 r.p.m. 
^ The figures indicate the approximate speed in r.p.m. 
* at various points of the curve. 

are two zones of regeneration, and Fig. 2 shows the 
power factor of regeneration and the current. In the 
upper speed zone (above 1 600 r.p.m.) regeneration at a 
better power factor and with a smaller slip may be 
obtained by disconnecting the secondary machine and 
using the primary machine as a plain induction generator. 

In the lower-speed zone (above 760 r.p.m.) the power 
factor of regeneration is very poor, and there is the 
additional disadvantage of the danger of the machine 
passing the peak of the regeneration curve* when it 
would immediately run up to double its speed unless 
the driving unit^vere capable of Checking it.^ 

All the above remarks apply equally well to a cascade 
set of two machines, or to Hunt's cascade* motor. 
Hunt's motor will now be considered in more detail. 

• « 

• (2) Theory of Hunt's Cascade Motor. 

The disadvantages ^ of th^ ordinary cascade set are 
low power factor and lo'v^ output for a given amount 
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of machinery. The reasons idr this axe well known, but 
are r.ecapitulated h^e very briefly. The mains have to 
supply the magnetizing current for both machines, 
whilst the output of the two machines in cascade is less 
fVian the output of one machine at normal speed? 
results in a small load current and large magnetizing 
current, thus giving a poor power factor. 

The reason for the reduced output is that the circle 
diagram of th# two motors in cascade is very much 
reduced in size, since the magnetizing current is 
increased to double, as stated above, whilst the short- 
circuit current of tl?e set is considerably less than for 
one machine alone. This gives a small diameter to the 
circleiand consequently reduced output. 

In Hunt’s motor the power factor at cascade speed 
is poor, as is* that of two motors in cascade, and the 
circle diagram is very similar in size. ^ The chief advan¬ 
tage lies in combining the two machines in one frame 
and thus reducing the cost of construction and ^e. 
space occupied. The copper losses axe considerably 
reduced owing to the cancelling out of the equal currents 
which, tend to flow in opposite directions .in the super¬ 
posed windings, and the effidency is therefore found to 
be hiSher than that of an equivalent cascade set of two 

machines. , 

Although the power factor of a cascade set or ot 
Hunt’s motor at cascade speed is poor compared with 
thal: at the higher speed, it is not necessarily bad when 
compared with the power factor of an ordinary induction 
motor running at the lower speed, since the magnetizing 
current increases with the numbm: of poles. ”010 motor 
under test was a comparatively high-speed machine 
(600 r.p.m. cascade speed) and therefore does not 
compare so favourably with a plain induction motor 
at the same speed as a lower-speed machme would do. 
With abnormally, low speeds the power factor is some- 
thnpfi better than that of an ordinary induction motor 
running at the same speed. 

It should first be noted that a cascade set will run 
equally well if the rotor windings of the primary are 
connected to the rotor windings of the secondary and 
the stator of the secondary short-circuited. Tn this ^se 
the connections must be so made that the ma^etic Add 
in the secondary rotates in the opposite direction to 
the field in the primary, as it will be necess^y at 
synchronous cascade speed for the field to be station^ 
relative to the stator windings of the secondary. This 
is obtained when the rotor rotates in one direction at 
a speed equal to the speed of the.field in the other 
direction. 

With this method of connection slip-rmgs axe 
aboUshed and starting resistances may be mserted in 
the stator of the secondary, the two rotor wmdings 
being per^nanently connected. This, of course, apphes 
only if cascade speed alone is required ; if, m addition, 
the nor^aS ihduction-fliotor speed is required, shp-rings 

will be necessary to obtain it. ♦ - 

The next stage in Hunt’s motor is to combine the 
two machines in one. This can be considered jp two 

parts, the roto« ^l^d the stator. ^ .a. •+!, •=+ 

(a) The rotor.—The rotor will jiot be deal, witti at 
length here,, as no investigatmn updh it chrned out. 
In the machine tested, the rqjtor has a windmg in which 


it is impossible to get tappings without damaging &e 
windings and inflation, so that the only data ootaina^e 
were of the current flowing to the slip-rings with the 
machine running at the higher .speed. This was found 
to be a fairly sinusoidal wave with a few ripples, as will 

be seen from Fig. 3. « 

The rotor is dealt with at length in Mr. Hunt s papei, 
and also in a new and more effective way in Mr. Greedy s. 


Supplv E.M.F. 



Rotor current 
Fig. 3.—Motor at non-cascade speed and no load. 

This record was taken with two of the slip-rings short-circuited through the 
oscillograph to the th^ ring. 

paper.* A short r6sum6 of Mr. Greedy’s line of reasoning 
will be given here, in order to maintain the continuity 
of the report, but it should be clearly understood that 
no experimental verification was obtained, beyond the 
fact that the motor operated satisfactorily at both the 
cascade speed and the higher speed. An attempt w^ 
made to get an idea of tlie distribution of the flux m 
the air-gap. This will, however, be dealt with later. 

OP 


/ \ 8-pole 

/ o X component 

Ao 345^165® .lyfMT. 


Resultant 

M.M.E 


4-pole 

component 



Fig^ 4.—Vector diagram of M.M.F. of 8-poJe-^pole rotor. 

Positions round rotor in degrees ara marked on curves, 

^ e g. at 16® from starting point OA ^ vector representmg 
in -phase and magnitude 8-pole Component M.M.F., 
vector representing in phase* and magnitude 
4-pole component M.M.F.; and OC repre¬ 

senting in phase and magnitude resultamt M.M.l*. 

To simplify Isihe explanation, an actual case will be 
talcen, and the one considered will be that of the motor 
on which the experiments were carried out. This 
machine was an 8-pole^-pole maching, running at 
8-pole speed (750 r.p.m.) for one speed, and at cascade 
or 12-pole speed (600 r.p.m,) for the other spqed. 
During cascade, running, the currents in the stator 
windings produce an 8-pole field rotating at 760 r.p.m. 

* Journal 1921, vol. 6^ p. 511. 
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The rotor winding if wound for 8 poles will have currents 
induced *ih iti and if this is connectecf in series Vith 
another rotor . winding wound for 4 poles it will 
produce a 4-pole field rotating in the opposite direction. 
Actually neither field exists separately, but only a 
compound field. If the.nature of this field is discovered, 
tfien a single rotor winding may be developed to produce 
it, and the cascade effect will be obtahied with only 
one winding. 

Space/time vector diagrams must now be introduced. 
If for each point on the rotor a vector be drawn repre¬ 
senting the value and time-phase of the flux aft that 
point, then a curve may be drawn joining the ends 
these vectors to show ihe maximum (or R.M.S.) value 
of the flux at any point on the rotor and also its time- 
phase with respect to other points. As an example, 
ta.ke a 4-pole field distributed in space according to a 
sine wave. As we proceed round the rotor, the vector 



Fig. 6. —^Diagram showing how the maximum value of the 
M.M.F. varies round the rotor for an 8-pole-4-pole 
field. It does not show the pliase relationships of t]^ese 
M.M.F.'s, which must be obtained from Fig. 4 as 
expj^ained there. • 

representing the flux maintains the same value but 
completes a circuit of the diagram twice while we go 
rounduthe rotor once. The flux distribution is therefore 
repr^ented on this diagram by a circle, and each point 
on the circle will correspond to two distinct points on 
the rotor, since there will be two points on the rd%or, 
180° apart, w&ch^have the same value of the flux at 
the same instant. Similarly, with an 8-pole field a* 
circle will be ob'&ined, each point of which cor¬ 
responds to four positions on the •rotor. It can be 
seen, therefore, Jfchat the flux in a sinusoidal field may 
be represented by a vector, which rotates p times in one 
circuit of the rotor, where p = number pairs of poles. 
These vwtors can be compounded similarly to other 
vectors, and in our case let us compound an 8-pole 
field and a 4-pple field rotating in opposite directions. 

Stating from a point where the two fields have their 
maximum value together, we mark this by a vector 
equal to the. sum of the two fields, drawn vertically 
upwards. Proceeding, say, 16° round the rotor, the 
#.4-pole vector will Jiave rotated through 30° ift. one 


direction, and the 8-pole ^yector 60° in the other direc¬ 
tion. Compounding these two, ^e get the actual 
value of the flux at that point in time and magnitude. 
Proceeding thus in steps of 15°, a series of points may 
be plolfted which may be joined up in a smooth curve. 
This curve will be found to repeat itself in the second 
half of the rotor. A reproduction of the curve is given 
in Fig. 4. The shape will depend to a certain extent 
on the relative values of the 8-pole an^ 4-pole fields, 
but the general form will remain unaltered, and the 




chief feature of the rotor at once stands out. Tiiis is, 
that the ampere-conductors at different parts of the 
rotor will be different. A winding may now be 
devised to conform as closely as possible with the curve 
below, and Mr. Greedy gives examples of these. They 
are thought out without any reference to the two 
component fields, and in conformity with the diagram, 
so as to obtain the required resultant field. 

, Mr. Hunt's treatment is somewhat different, and 
consists of taking the two windings, superposing them. 



and then cancelling the bars whigh carry currents of 
equal value in opposite direction^. This method is 
comiflicated and is not so universally applicable as 
Mr. Creedy's. 

Having constructed a winding in accordance with the 
above M.M.F. diagram, the refer will operate satis¬ 
factorily at cascade spegd. When, however, the fnachine 
is requffed to run at the higher speed it is necessary to 
distribute the M.M.F. sinusoidally around the rotor so 
as to §ive |n 8-pole field. As the slo^ a motor are 
all* of the same size, those slots whiefi only carry a few 
ftwLTS is, where *the M^.F. required for cascade 

speed is low) are fillecf wittf idle bars* When the higher 
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speed is required, these bars &e connected into the rotor 
winding by shorC-circuiting the slip-rings (through 
resistances at first) and thus effecting an even distribu- 



Primary currentsSecondary currents — 

tion of The method of connecting these idle 

ba^s is clearly shown in Mr. Hunt’s paper. 

The normal cascade winding for Mr. Hunt’s motor is 


one end and to the middle parts of the delta winding at 
the **other end.”* The resultant winding is s?iown ^in 
Fig. 7. When the slip-rings are short-circuited the 
phases of the currents in the various branches are 
altered, and the resultant winding becomes four inter¬ 
connected star windings (see Fig. 8). A circle shows 
the points short-circuited by the slip-rings. Correspoim- 
ing coils in Figs. 7 and 8 are lettered. The reason^ 
ing by which Mr. Hunt show^ this winding to give 
the required M.M.F. is best followed in his paper. 

(6) The stator .—^The treatment of the stator winding 
is qutte difierent and will be considered in detail, and 
aft account will be given of the experimental verification 
of the theory of this winding by means of oscillo^aph 
records of the currents in the various branches of it. 

The stator winding in the machine under test was 
star-connected and was wound for 8 poles. Each 
phase consisted of two circuits in parallel. Three- 
phase currents were supplied to this stator from the 
external supply at supply frequency, i.e. 60 cycles, and 
circulated in the windings in the usual way. These 
currents produced an 8-pole field, and ^e currents 
induced by this 8-pole field in the rotor reflected back 
a 4-pole field in the manner described in the previous 
section. 

The stator has now to be so designed that the E.M.F. s 
induced by this 4-pole field may be able to circulate 
1 currents in the windings without affecting the high- 



Back connections outside 
'Front •’ • inside 

Fig. 10.—StJtor winding diagram. 

a star-mesh ^ng. as shown in Fig. 6. ^s Wding 
wUl produce the required magnetomotive forc^ m 
hlr. Hunt shows, although,ot>ie« do f ° , 

Mr. Hunt connects the ijjle bars to tiie shp-rings at 



Fig. 11.—^Experimental tapping points, stator phase. 

frequency supply, currents. Tappings must also be 
obtained for the insertion of resistances djinng starting, 
and these tappings must be taken from points at which 
therS is no P.D. due to the supply current. This ^ 
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once gives the reason for the stator “winding having 
pafallel Circuits, and the key diagram* for the actual 
stator winding is given in Fig. 9. 

Since the stator is wopnd for 8 poles, the coils will 
be only half-pitched with respect to the 4 -pole field. 
Consequently, adjacent, coils of the same phase will 
hSve their maximum E.M.F. 90® displaced from each 
other in time, so that in order to use the windings to 
the best advantage, two-phase currents will have to 
be arranged for. In the winding, coils A, B, C and D 
alternate with coils E, F, G and H (see winding diagram. 
Fig. 10), so that the secondary currents in A,*B, C 
and D are in phase with each other and 90° out of phase 
with the currents in E, F, G and H. The windings are 
strapped across at the mid-point, as shown in Fig. 9, 
and are so arranged that the secondary currents flow 
from the tapping points [si S 3 ] on each side through the 
windings and straps to the tapping points [S 2 S 4 ] on 
the other side. For starting, these tapping points are 
connected through resistances, and during normal 
running they are short-circuited in pairs [S 1 S 2 ; S 3 S 4 ]. 
Since the points at which tappings are taken are equi- 
potential with respect to the supply current, they will 
not cause any disturbance to this current. 

The main current is shown by full arrows in the key 
diagram (Fig. 9) and winding diagram (Fig. 10), and 
the secondary currents by dotted arrows. . It will be 
seen that the two diagrams agree. The directions of 
currents in the winding diagram are obtained from 
the usual rule for magnetic fields. For operation at 
non-cascade speed it is immaterial whether the starter 
tapping points are short-circuited or open-circuited. 
At non-cascade speed the stator only carries the high- 
frequency supply current, the machine operating as an 
ordinary induction motor. The tapping points are, 
therefore, equipotential points, and no change is made 
in the electrical conditions by short-circuiting them. 

Table. • 

Particulars of Motor on which the Investigations were 
Made^ 

Hunt^s two-speed cascade motor, manufactured by 
jyiessrs. Sandycroft, Ltd., Chester. 

200 volts 60 cycles 3 -phase 

10 b.h.p. 710r.p.m. 30‘6 amps. ^ 

efb.h.p. 480r.p.m. 21-5 amps. 

No. of stator slots = 72. 

ir * 

Oscillograph iNVESTiOfVTioN. 

An oscillograph, investigation of the> currents flowing 
in the various coils of the stator winding was made in 
order to confirm the tlieory outlined •in the paper. 
Tappings^ were taken from the stator winding and 
brought out to a terminal board in accordance with 
Fig. 11 . Eac]\. group of these terminals was normally 
short-circuited, but by disconnecting the short-circuiting 
strap the current in any coil could be sent through the 
oscillograph before returning to the machine. 

On no load at cascade speed these currents were 
iound to be nearly^ pure sine waves. As the tigh- i 


frequency magnetizing cuirent is very large at no load 
compared with the low-frequency Secondary current, 
the resultant stator current is practically identical with 
the magnetizing current. « 

On fflll load the low-frequency current is comparable 
in magnitude with the high-frequency current, and the 
resultant current differs considerably from a sine wave. 
As the frequencies were very different, during one 
complete period of the high-frequency current the 
low-frequency current did not alter much, so that the 
resultant wave approximated to* a sine wave with a 
constantly shifting centre line. A curve drawn through 
successive maximum points of the resultant wave thus 


Search coil spanning 90 ° of rotor or 18 slots . 




Fig, 12.—^Motor on load at cascade speed. 


gave a very fair approximation to the low-frequency 
current. Owing to unevenness in the belt, drive to the 
load, the high-frequency current was not constant and 
thus \he curve drawn through the maximum points 
was not a true representation of the low-:^equency 
current. It was sufficiently accurate to enable the 
maximum and minimum points *fco be appioximately 
determined, but it was ijseless to analyse the hamonics, 
as these varied from point to point. 

Reproductions of the secondary currents analysed 
from the fil^ji records,, and also a poi^tioji of the film, 
axe*shown in the oscillographs Figs. 13 and 14. It was 
fbund that*the second^axy cur^nts in coils A, B, C and D 
were in phase with one another and in quadrature with 
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the currents in coils E, G and H. The primary 
currents were in ^ase with each other in all the coils. 
This confirms Mr. Hunt's theory. 

Search coils were wound on the stator spanning 18, 


Current in coil A Current in coil C 



Low-f^quency w^ponent 


Estiijiated zero 
lines 



Low-freqizenc^ compo/zent in coil C 


Fig. 13. —Oscillograph records of currents flowing in stator 
coils with the motor on load at cascade speed. 

Portion of film record obtained. Note: The scale for the currents in 
the two coils was made different in order to be able to distinguish them. The 
ourreAts were actually of the same magnitude. * 1 ^% 

(ft) Low-frequency components of current in statorjwils anal^d from film 
recoJd, r^^iSn Jt whiSi is shown in (a) above. These are m phase with 
each other. 


9 and 5 slots, i.e. a pole-pitch for the 4-pole field, half 
a pole-pitch, and a quarter pole-pitch. Oscillograph 
records with the motor operating on load at cascade 
speed are shown in Fig. 12. The 8-pole, flux produced 


I show a sine wave in two cases and only a few ripples 
in the 18-slot sjan cod. 

Owing to the rotor winding being in semi-enclosed 
slots, it was not possible to wind searph coils on the 
rotor. Such coils would have shown the compound 
resultant field, as the two fluxes rotate at the same 
speed relative to the rotor. 

The circle diagram of this machine was obtained 
both for cascade speed and non-cascade speed. It was 
found that the no-load losses were practically identical 
at both speeds. At cascade speed the machine took a 
muclf larger magnetizing current than at non-cascade 
speed, but the power factor was lower and the power 
consumed the same. 

It is probable that the iron losses were slightly higher 
at cascade speed, but this must have been offset by 
the reduction in windage at the lower speed. 

I , Non-cascade speed 



In phase 



In phase 

(apparently 180® out of phase due to reversed connections) 

-Coil A 



In quadrature 



PiQ, 14 .—Low-frequeucy componeirfc currents in stator coils. 
Note • (1) The current scales are different in each case for the two currents 

cases, due to the fiWbeNr 

w^U^^jfsed for coUs E, Fjmd G as the tteoty was 
sufficiSly w3l Mtablished by the analysis of the currents in coils A, B, C, D 
and H. • 


by the stator is rotating relatively to the sear^ coils 
at a high sp6«(?„while the 4-pole flux produced bv the 
rotor cuts the search coils at a ^pw speed. The E.m.b. 
induced is, therefore, aln^pst enjiffely due t6 the 8-pole 
fi.ux, and this is borne oult oscillograms wich 


: i" represents 
40 amperes 

Ordinates are to 
the scale of 
174 800 watts 


Fig. 16.—Circle diagrams. 

A few of the results obtained from the circle ‘diagram 
and also from load runs are given below. The circle 
diagram is also reproduced in Fig. 16. 

J^on-cc^scade speed (synchvoHOUS speed 760^,^.^.). ^ 

No-load current, 9*4 amperes ;^po^er factor, 0*23.'* 
No-load losses, 760 watts. 

Maximum power factor, 0*88.^ 

Full-load effidency, 82 per cent. 

Cascade speed (synchronous speed 500 r.p.m.). 

No-load ctirrent. 16 • 2 amperes; power factor, 0-14. 
No-load losses, 830 watts. 

Maximum power factor, 0.68. 

Full-load ef&dency, 73 per cent (approx.). 

Xhe experiments were carried out in tlie Labora'^ories 
of AppUed Electricity, The University, Liverpool^ and' 
the author’s thanks are due to the- Faculty of Fngi- 
neei/Ing and Professor E. W. Maijchant, D.Sc., for pej- 
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mission to publish, the results obtained. Thanks are 
alSb duetto Prof. Marchant arid Mr. J.#C. Prescotf for 
;the assistance and guidance given in the experimental 
work and in the preparation of the paper. 
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DISCUSSION ON 

'‘ELECTRIC PASSENGER LIFTS.”* 

Western Centre, at Plymouth, 2 February, 1925. 


Hood : The paper appears to deal almost 
exclusively with lifts operating with direct-current 
equipments, and I should feel obliged if the author 
would say what his experience has been in respect to 
^temating-current equipments for passenger and goods 
lifts. ■ There are several towns in the West of England, 
such as Bristol, Cheltenham, Bath and Bournemouth, 
where pubUc supply is only available from high-frequency 
single-g)h^ circuits. Can the author say what special 
chMactenstics should be observed in single-phase and 
polyphase motors for lift duty ? 

®*^®**®“ • The author’s remarks in regard to 
^e frequent failurp of the architect to co-operafe with 
the engineer are timely and to the point InstaUations . 
which could undouDtedly be made first-dass jobs are 
bemg continually spoUt through inch lack of early 
co-operation, an4 unfortunately it is always the engineer 
IS blamed for a bad job. No reference is made in 
paper to the use of continuous lift?, and I should 
Ike to have an expression of opinion from the author 
as to whether this type, of lift would not have been 
cheaper to install and maintain in many cases where 
ordmapr lifts have been instaUed. I refer, of course, 
to installations in buildings of moderate height, say 
fom or five storeys. It may be of interest if I give 
a description of a novel electric lift installation in Cardiff. 

♦ Paper by H, Marryat (see vol. 62, p. S26)i * 


A jeweller's strong room is in the basement immediately 
below his window, and is in the form of a square well. 
The lid is of the ordinary strong-room door pattern, and 
is arranged to travel from the top of the strong room to 
a sufficient height to be out of sight of anyone looking 
in at the shop window. The jeweller's most valuable 
stock is arranged on properly designed window shelves 
which are suspended from the under side of the .strong¬ 
room lid. At night 'the whole of this stock is simply 
lowered into the strong room and the lid locked. In 
the morning the operation is reversed. There is a 
great saying of labour and almost perfect security. I 
agree with the auttior's contention that long periods 
of acceleration and deceleration ^e more pleasant for 
passengers, but this fact should not be allowed to 
interfere with the efficiency of any installation. 
Passengers very soon get accustomed to quick accelera¬ 
tion. This is conclusively proved in the case qf colliery 
winders. I should like to ask the author why more 
use is not made# of flat ropes. The drive to in most 
cases central and not sj^ew, and I should have Ihpught 
that the flat rope would have many advantages over 
the circular rope, including less wear. The author 
states that^with an automatic lift .^^ingle passenger 
obtains complete qoijtrol over the lift until he has 
Completed* his journey, altl^^ugh there, may be many 
passengers waiting at inte^ediate .floors. Surely this 
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is not correct, I am nndei? the impression that each 
set of buttons on -^ach floor includes a " stop button 
so that any waiting passenger can stop the lift. 

Mr. W. Bache ; I have found the energy consump¬ 
tion of lifts to be extremely small, and the bill for energy 
used is sometimes only a few pence per week. Many 
of the minor faults that occur could be prevented by 
frequent and competent inspection, and I consider that 
lift-users genially do not appreciate the importance 
of inspecting the mechanism frequently as a means of 
preventing trouble. ^Contacts are often too flimsy and 
should be generously rated. I prefer clapper contacts 
with carbon blocks to sliding brass or copper contacts. 
Can,the author explain why ropes wear unduly between 
the she2.ve and the attachment to the lift gear ? Auto¬ 
matic self-closing doors of the Bostwick pattern are 
needed and I should like to inquire whether there is a 
satisfactory pattern on the market at a reasonable cost. 
The need for providing all bearings with renewable 
bushes should be emphasized. I should be glad if the 
author would indicate the best method of testing the 
safety gear of a lift without running undue risk. 

Mr. A. C. MacWhirter: Architects are much to 
blafhe for not maldng proper provision for lifts when 
planning new buildings. They do not provide sufficient 
space or arrangements for satisfactory lift installation, 
consequently lift manufacturers are considerably handi- 
cdl^ped in their designs. They would be well advised 
to consult lift experts, who would no doubt be able to 
show them considerable savings in their constructional 
and general arrangements. In the past we have looked 
upon American lift practice as ** the last word,*’ entirely 
on account of their unique requirements in then multi- 
floor buildings, the lift being (broadly speaking) the 
only communication from the street to the floors. As 
a result they have had to develop very high-speed 
lifts. British manufacturers are, however, now up-to- 
date with their practice and quite able to improve 
on their designs to serve our requirements more suitably. 
Push-button lift control is now giving satisfaction, but, 
in common with most automatic devices, it requires 
regular attention if it is to give reliable service. ^ The 
combination of J>ush button and car switch seems to 
me the most serviceable and economical kind of con¬ 
troller, as it allows the lift to be cgntrolled by an operator 
during ’’rush hours” and by push button during^the 
quieter hours. I should like to know why ball or 
roller bearings are not more generally used, especially 
on motors and worm gear shaft, in preference to solid 
bearings. The starting torque would be much less 
and consequently the acceleration would be increased. 
Regarding drum and vee sheave driving, I should like 
to know what is the difference in the life of the ropes 
in the two cases. I should imagine that there is bomrd 
to be considerable slip on the vee sheave, with resulting 
increase in wear, as^compared with ^he drum type of 
driving. Can the author say -v^at is the latest practice 
in motor windings, i.e. whether series windings are used 
for assisting starting, and if more than one shunt winding 
is used for speed regulation ? Castor oil^seems to be 
generally used for worm gear lubrication. I flave 
known of cases , where tliii^ oil h8s become* so' 
that difficulty was exper][ence^ in starting, the. lift 


after standing overnight—especially in cold weather. 

I should have thought that a good minerarail woald 
have been the best form of lubrmant for this purpose. 
The counterweighting of lifts is a very important item, 
and I believe that the correct practice is to load the 
counterweight to balance the qage plus 60 per cent of 
full load. I should like to have the author’s views %n 
this important point. On the sheave type of drive J 
have noticed that certain manufacturers have only 
two bearings with the load carried externally to the 
bearings. This practice is, I think, very bad; there 
shouM always be an out-board bearing which should 

lubricated by means of ring lubricators and not 
grease cups. 

Mr. E. E, Benham; Continuous lifts on the escalator 
principle have been referred to by one speaker. Lifts of 
this character for material but not for passengers have 
been installed in one or two of H.M. ships recently, 
but it is not possible to give any detailed particulars. 

Mr. W. G. Heath : Can the author give any informa¬ 
tion regarding the self-levelling of lifts at different 
floors, thus obviating the necessity of footlights and the 
cage stopping anywhere but at the intended floor ? 

Mr. C. T. Allan: We have had our Cardiff office 
6-passenger lift converted from operator control to 
automatic, with a resulting much increased service to 
users of the three floors. Much interesting information 
has been obtained, such as :— 

Distance travelled per day—2*8 miles. 

Distance travelled per mbnth—90 miles. 

Average trips per day—600. 

Passengers—^67 per day, 11 300 per month. 

Consumption, units—2*3 per mile and 2*73 per pas 
senger-mile. 

Percentage of total passengers per floor. 

Ground to 1st floor— 6 • 1 per cent. 

^ Ground to 2nd floor—68 * 8 per cent. 

^ Ground to 3rd floor—36*1 per cent. 

* 

Other figures show that the lift is used almost .twice 
as much going up as coming down. Troubles have been 
rare, the lift being maintained and inspected monthly 
by the makers. The lift is illumiaated, the light hemg 
switched on by means of a spring contact in the floor, 

operated by the passenger when stepping in. * 

‘ iVlr. H. Marry at {in reply) : A motor for lift duty, 
must give at least 2| times full-load tprque when starting.* 
For single-phase circuits, therefore, a special type ot 
motor must be employed. There^are several suitable 
machines upon thS market, but perhaps the best known^^ 
are the Bandy motor and the Parkinspn motor. 
are machines of the commutator, type having ^ shunt 
characteristic.^ In both cases the stators are double 
wQund in order to provide means for reversal. In me 
Bandy motor the shunt chaxacteristic is obtairfed by 
means of a shifting brush rocker operating automatically. 
In the case of the’ Parkinson motor the brush position is 
fixed and the effect is obtained by means of a compen¬ 
sating winding and transformer. Polyphase circuits 
present less difficulty. Slip-ring induction motors 
give’^the necessary starting torque. Special wmdinap 
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providing for two or three speeds must be employed 
it|| the •case of high-speed lifts. Perhaps the most 
serious trouble encountered with alternating-current 
lifts is hum, which be^mes intolerable in dwelling houses 
if special provision is no*t made to reduce this nuisance 
to a minimum. 

•Continuously-running lifts were at one time commonly 
used both for passengers and for goods. For passenger 
service they have been abandoned, because if they are 
run at a speed low enough to be safe they are a great 
deal too slow for modern ideas of transport, in fact it 
is quicker to use the stairs. On the other ha^d, for 
goods service the idea has been highly developed and is 
the basis of modern conveyer design. 

The description of the jeweller's window lift is ex¬ 
tremely interesting. It has been suggested that in 
areas where window space is of great value the window 
dressing should be changed in much the same way as 
described by Mr. Stretton, the new dressing being 
arranged in the basement and lifted into position, whilst 
the old dressing—^rolled aside for the moment—^is then 
lowered to the basement to be dismantled. 

The reasons why flat ropes are not used for passenger- 
lift work are that the round rope gives a maximum of 
strength for weight, will lay upon the drum more 
accurately, will tend to increase its grip upon a traction 
sheave with increase of load, and will give a longer 
warning of failure. Apart from these technical reasons 
it is probable that the cost of a flat rope would be 
somewhat more than the cost of a circular one. 

Mr. Stretton is mistaken in thinking that a stop button 
is fixed at each floor. That may be done in the case of 
service lifts, but would never do for a passenger lift 
because, in a busy office building, no one would get 
anywhere on account of the continual interruption and 
reversal of the journey. A stop button is always placed 
in the car to enable passengers to correct any mistake 
made in pressing the wrong floor button. 

In reply to Mr. Bache, I have not found lift ropes to 
wear anywhere but where they pass over a sheave. 
If troupe is found near the anchorage of the ropes*to 
the car or balance-weight, the cause is probably the 
same as that which produces similar results upon many 
crane ropes, and is probably associated with too rapid 
brakiu^ or acceleration. 

There are several automatic self-closing gates upon the 
market, but I do not know of one which is entirely 
satisfactory and at the same, time reasonably iilhx- 
peiisive. * 

The usual way of testing the safety gear is to take a • 
loop in the rope by^ means of a hemp lashing, which is 
then cut with a knife. Where the Safety gear is con¬ 
trolled by a slagik cord it may be brought into action 
by merely pulling the cord. Governor safety-gear may 
be readily tested by inserting an adjustable resistance 
in series with the, shunt field of the motor and, when 


the lift is running, switching in the resistance until the 
speed increases to the pre-arranged value at which 
the safety gear is to operate. I entirely a^ee with all 
the other remarks made by Mr. Bache. ^ 

In reply to the question as to why ball or roller bearings 
are not more used in lift construction, I would point 
out that we are dealing with a machine which—^because 
it acts upon a see-saw principle—consumes an absurdly 
small amount of energy. Energy coi^umption is a 
very small part of the running cost, and it is doubtful 
whether the cost of the massive hall bearings required 
would be justified. In this coUitection it must be 
remembered that lift makers voluntarily sacrifice 60 
per cent of efficiency by making the worm-gear^j self- 
sustaining. This is a sacrifice of energy cost In order 
to ensure safety. 

With regard to the life of ropes upon drum and sheave 
drives, if the drum and tlie sheave are of equal diameter 
the ropes will last longer on the drum. But this is very 
seldom the case in practice. Where one finds the drum 
introduced, it is usually in order that a higher-speed 
machine may be utilized, and consequently the. drum 
is of smaller diameter than would be necessary for a 
trs^ction sheave for the same job, and any advantage 
of drum over sheave as regards rope life is lost on account 
of the more acute bending of the rope. 

The subject of d.c. motor field-windings is too large 
to deal with in this reply. For ordinary low-speed 
lifts a series winding is usually added to the shunt 
field and is automatically cut out when the motor reaches 
full speed. For higher-speed lifts many varieties of 
windings are employed. 

Castor oil is found to be the best for gear boxes, 
because it is not easily pressed out from between the 
faces of the worm and wheel teeth which have to sustain 
great pressure. If the castor oil gums up it is because 
an insufficient quantity is employed and consequently 
the temperature-rise is too much. 

The counter-weighting of lifts is dealt with in the 
paper. The usual practice for new lifts is 40 to 50 
per cent of the maximum load plus the weight of the 
car, but an adjustment should be made after the average 
load has been ascertained in practice, as the correct 
balancing to the average load has an important effect 
upon the energy consiynption. 

1 entirely agree with Mr. MaeWhirter in his criticism 
of the practice of overhanging the driving sheave with¬ 
out an outer bearing. With regard to self-levelling, this 
has been dealt with in the paper. 

The information * given by Mr. Allan regarding a 
particular lift is extremely interesting, and it is very 
desirable that engineers should collect such information 
whenSver opportunity# occurs. It is upon data of this 
sort, in sufficient quantity, that lift engineers depend 
when advising as to a suitable lift equipment for a 
particular buildir^g. 
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. DISCUSSION ON 
“ ELECTRICITY IN MINES.” * 

Discussion at a Joint Meeting of the Western Centre of the Institution, the South, 
Wales Institute of Engineers, and the South Wales Section of the Association 
OF Mining Electrical Engineers, at Cardiff, 12 June, 1925. 


Mr. W. O’Conni^r*: Of all tlie data in the’ paper 
perhaps the most apt illustrations of the. author’s 
.methods are those contained in the last two lantern 
slides.^ TJie first of these showed a site almost un¬ 
touched in Npvember 1923, and the second the same 
site with a colliery on its way to full development in 
the following year. Those who wefe told that , they 
were wasting the very valuable resources of this country 
in burning coal at a much greater rate than they should, 
will derive great benefit from the paper. Many of us 
are inclined to think that some of the conditions laid 
down in the paper are utterly unattainable under 
preseri^-day conditions, but there is much in the paper 
that we can use for the benefit of the concerns of which 
we are in charge. 

Mr, D. Jenkins : Owing to the growth of our power 
supply undertakings and of generating stations in 
general, equalized electric winders have largely become 
unnecessary, and as a result the modem tendency is to 
omit the flywheels from Ward-Leonard sets. If my 
interpretation of it is correct, the present paper con¬ 
firms this opinion. It is no doubt a step in the right 
direction, because from the point of view of the winding 
problem alone equalization brings no advantage. On 
the contrary, it increases both the capital and running 
costs of the equipment. Furthepnore, as the number 
of dectric winders connected to a system increases, 
the improving diversity factor wiU render equalization 
increasingly unnecessary. It seems likely, in fact, that 
within a comparatively few years the installation of 
an Ilgner equipment will become rare. By dispensing 
with the fl 3 nvheel, speed variation of the motor-generatpr 
set becomes,, of course, unnecessary, so that to install 
synchronous instehd of induction driving motors seems 
a natural step to take. Nevertheless, the author is tcj^ 
be congratulated on being one of the first to break 
away from orthodox practice in this respect. I have 
always viewed the Stjernberg ccefftcient with suspicion. 
It would be exceedingly imprudent iX) decide, merely 
on the value obtained for this coefficient, whether for 
given conditions a Ward-Leonard or a straight induction- 
motor -vtinder should’be installed. winder drive^is 
affected by a large number of complex considerations 
which are nbt reducible to any mathematical formula. 
The coefficient in questio|i, for instance, ignores entirely 
such considerations as tiiose of economy, floor space, 
ease of control, etc. For these reasons I regret the 
coefficient” has been put forward again. The present 
tendency is to instil a straight induction-motor dJive 
in preference to^a Ward-Leonard set, on the ground* 
of simplicity and cheapness. The Trv)dem practipe^ of 
hoisting heavy loads at lo'^ -speeds instead of lighf; 

* Paper by Major E. I<*David (seepage 521). 
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loads at high speeds has extended the field of economical 
operation of the induction-motor drive. Its great 
disadvantage as compared with a Ward-Leonard set 
is its comparative difficulty of economical control. 
The fact that its power input depends only on the 
torque and is independent of the speed inevitably 
means heavy losses during the acceleration period. 
Further losses take place during the retardation period 
because regenerative braking is impracticable. The 
only practicable means at present of reducing the former 
losses is to use multiple-speed motors or variable-speed 
gears or one or other of the many special methods of 
utilizing the slip energy regeneratively. All such 
means, however, involve complications, and their 
adequacy for the purpose in question is very doubtful. 
Has the author had experience with any of them ? 
Judging from my own experience, reverse-current 
braking on induction-motor drives is by no me^s 
easy. The curves in Fig. . 7 show that the braking 
torque producible by any given rotor circuit resistance 
depends upon the speed. It is difficult, therefore, to 
ascertain the correct position of the controller for a 
required braking effect. . Furthermore, one cannot tell 
whether a forward or a backward motion of the con¬ 
troller lever is necessary to give a required variation 
of the braking torque, because this depends upon 
whether one is working on the one side or the other 
of the maximum on the torque curve. The result of 
these* doubts and indecisions is that the winding 
engineman, for the sake of safety and precision,-•relies 
too much upon mechanical braking. Has the author 
'found the same trouble ? Of course, reverse-current 
braking involves a heavy duty on the controller, and 
it is clear this should be taken into consideration v^en 
designing the controller, I suspect that this point is 
frequently overlooked. 

Ml*. A. B. Muirhead : The Powell Di:i|fryn Co. are 
placed in an unique position which admits of centraliza¬ 
tion of power being carried out to a m^ch greater extent 
’ f-ha.Ti appears to be practicable in other mining districts, 
and it is a matter of (Jebate at the present time whether 
centralization on tbe same scale could be carried out 
with the same advantage in other areas. The lower 
grade of boiler fud available in many of the coal-mining 
districts of Great Britain makes the splitting up oLpower 
stations desirable if only to reduce the cost of trans¬ 
porting the lower-grade fuel from the various pits to 
the central pbint, and the quantity of watef to' bfe 
pumpe4 in many instances renders it desirable that 
there should be more than one power station available 
•in an emergency. It will be found in many instances 
that, ovflng to the facilities available for the generation 
of power at low costs from these lower-grade fuels which 
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no4 pay to transport to any market, power^ can 
be obtained at sufficiently. low cost and at reasonable 
efficiency with moderate steam pressures and superheat 
to enable the* colliery bwner to decide to use either 
electricity or compressed air underground as may best 
s«it his mining conditions. The example of the Powell 
Dufifryn Co. in these respects may be followed with 
advantage as far as the physical and economical con¬ 
ditions admit in each area. 

Mr. F. Anslow : The author showed a lantern slide 
of a turbine plant coupled to two generators for supply¬ 
ing power to an electric, winder, and remarked that he 
would not criticize this combination as it had oiily 
been in operation for a few months. As a matter of 
fact, three plants on this principle have been running 
for nearly 20 years, the only difference being that the 
generators, instead of being driven through gearing by 
a turbine, are driven direct by means of a high-speed 
engine. Indeed, these plants go a step further than 
those illustrated by the lantern slide, in that they have 
an additional generator .included for •toe supply of 
current at a constant voltage, as distinct from toe 
variable voltage of ■the Ward-Leonard sets. I am 
sure, therefore, that.the author will be interested to 
know that toe plant is in no way experimental, but is 
rather a revival of what .lias b.een done many years ago. 

Captain A. G. Sparks : The paper refers more to 
electrici'ty on the surface of mines than in mines, as. “the | 
title would lead one to believe. It would be interesting 
to hear more about the old jockey pulley drive with 
modern improvemei^fts introduced by toe author, ^ 
mentioned on page 622, unless he refers to the Lenix 
drive made by Messrs. Sulzer. With regard to the 
author's remarks on the subject of fan drives, when 
last in the United States I noticed that in one of the 
big coalfields it was toe general practice to reduce 
the speed of the f^ns considerably during the ligM- 
load shifts, although it is not generally done in this 
counjry. This factor is largely decided by the* mine 
man£^er,. and, I. suggest might be further considered. 
In the Illinois coalfield, where the power required for 
the fan is, generally speaking, less than toat required 
in South Wales, and toe total units per ton are only 
abqflit 1/10th of topse required in South Wales, prim^ily 
owing to the natural facilities for coal getting, it is 
found desirable to do this. With reference to com¬ 
pressors, I feel that unless more consideration is^given 
to the e&cii^ncy of the mechanical side •the saving on 
the electrical sipe mentioned by the author may be lost. 
The low-load Ip^es require to be carefully considered 
• 'with the type of load experienced at collieries. The 
author briefly refers to pulverized fuel, stating on 
page 626 that where fuels are available which cannot 
be burnt on any ordinary stpkers^ pulverizing is a 
feasible proposition.". I doubt the accuracy of this 
statement, ■without qualification, and do , not feel tha^t; 
toe subject is one that can be generalized upon at toe 
present time. Whilst some time ago it was generally 
supposed that the feature of pulverizing was •that toe 
ppores-t fuels could be used commercially, it is inter¬ 
esting i to note that ■the leading, jpower houses using 
pulyprized fuel in; ‘tiie . United States are ejpploying 
fueis having a cSlorific value about 12 600 B,Th.U. as 


received, which is by no tieans a poor class of fuel as 
we know it. As regards using low-grade fuels, the cost 
of pulverizing increases materially the lower the grade. 

I do not know what fuels the author haa,m mind, but 
abroad J .have seen slurry, the residue from the water 
used for the'washery, containing some 30 per cent 
moisture and 26 per-cent ash, burnt on stokers, an 
also fuel containing 66 per cent’ ^h.. This latter fuel 
appeared to consist of small veins of do.al in pieces of 
ttone. Ignition was assisted in the‘former case, ^d 
combustion in the latter, by gas <pm,coke ovens. The 
difficultly did not appear to be s?) much tthe burning 
of these fuels as the handling. With regard to winder 
gearing, I think that the question of using forced 
lubrication on the gearing, mentioned on page 626, 
is more a matter of gear design than of the size of the 
plant. I know one winding equipideht with a motor 
of some 1 600 b.h,p. which has operated satisfactorily 
for several years without forced lubrication. With 
regard to the reversing switchgear, the author states 
on page 528 that apparently the blow-out coils were 
less effective when current and voltage are considerably 
out of phase. Power factor has a considerable influence 
on the breaking capacity of switchgear. With ^-egard 
to the comparison of an Ilgner against a s'traight Ward- 
Leonard. system, the au^thor rightly .points out that 
the figures given in Table 4 require adjustment for the 
difference between the winding schemes under th^two 
cases cited. The figures might be materially changed 
on this account. A further point is toa^ I believe that 
the Ilgner set mentioned was installed about 14 years 
ago, and is compared ■with a. plant which was recen'tly 
installed and which, I tliink, has not yet operated 
upon the coal-winding cycle. In this cbnnec^tion it 
may be interesting to note toe progress in electric 
winding, and as ftis conference has }iad •toe privilege of 
visiting one small section of •the Powell puffr^ Co. s 
undertaking—and, •they are so associated with this 
progress—^it may no^t be out of place to mention some 
of the work of that* company, winch, thanks to toe 
enterprise of Mr. Hann and ,1ns fan^p is second to 
luone in the efficient use of power, and. lias done so 
much to further development in •the use of elec- 
tneity at mines. In 1909 iiie first electric winding 
equipment was installed, an a.c. motor being used 
Vito.direct drive.. This type of equipment has limita¬ 
tions •with which we are now all fai^liar. In 1.911 an 
equipment .of the W^drLeonard—Ilgner type was 
installed, •toe ge:i^erators,being driven by an mduction 
motor. At this time far .less ppwer was available than 
is the case* to-day. In 1918 an,a...c.. geared ^nder was 
installed at a smaller cost ■than the Ilgner equipment, 
the po^wer house ecfliipment having matetis^y increased 
at this time. In 1^23 a ’l^ard-Leonard eqi^ipment was 
inttalled, ai’ synchronous.' motor .bemg eihplpyed for 
driving the generator?, Tl^. was. of assistance in 
pow^ factor correc^lion, t^e peed for which became so 
necessary as the extent of the unde^atog increased. 

Isaacs; I should be much obliged the 
author •vfculd explain, yrhy it is that^cw pumping motors 
*he 'iises induc'tion^ motors almpst entoely instead of 
synchronous mqffir^.. > ... 

• Mr. H, Cotton (ccw^municqted) : The authors atti- 
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tilde towards syncl^ronous motors of the induction type 
has been criticized oh several occasions, the paper 
apparently giving the impression that he is not too 
favourably irfclined towards this kind of machin^. This 
attitude may be due to the fact that some engineers 
have not realized that the induction type and salient- 
pole type of synchronous motor behave quite difierently 
both during ^e starting period and during normal 
running. These dilierences provide a useful basis for 
comparison. 

Staffing .—^The S 39 ichronous inductibn motor .starts 
lip exactly like ah ordinary induction motor, its rotor 
being of orthodox construction except that it is wound 
for Ibwer voltages than the rotors of plain induction 
motors : this has no influence on the starting torque. 
The exbiter may be left in circuit during the whole of 
the starting period, but except when the slip is very 
small the pulsating torque produced by it has an 
average value of zero so that it does not contribute 
to the Sitarting torque. The exciter is thus only called 
upon to pull the motor finally into step after the full 



spe^ has been^'attained; Several methods have b^n 
adopted to overcome this difficulty but unfortunately 
they all add to 'the complication of the machine, and 
incidentally to the cost. One method’ is to provide 
the pole-faces with a complete three-phase bar winding, 
the air-gap being reduced somewhat so that the motbr 
has ordinary induction-motor starting characteristics ^ 
This is perhaps the ideal from the stating point of 
view, but it must be a very expensive construction, 
and even if one of the slip-rings is used by both exciting 
and s-^ting windings the motor will require four slip- 
rings. The method adopted in the S.G.E. motor 
d^cribed by the author is very interesting, but there 
appear to be three serious objections to it. First the 
whole arrangement of the control appears to be unduly 
complicated, secondly the induced field will have a 
large alternating component, and thirdly, the damping 
windings which act in conjunction wilii the ordinary 
exciting windings to give the necessary starting torque 
will not act as dampers at all when the motor is tunning 
normally. The second objection follows from the 
essentially very different characteristics of the pole-face 
winding and exciting winding, even when the latter 
has its two halves connected in parallel. The motor 
must therefore suffer an appreciable drop in starting 



Fig« a. 


Fig< B. 


induction‘'motor speed has been attained. Because of 
the above characteristics, the motor can start up against 
full-load torque, or even times full-:load torque, ai^ 
can synchronize against these. The sAlient-pole-mbtor 
is inherently a motor of Tow starting torque, and if 
starting torques comparable with those of the s^jm- 
chronous induction motor are requmefl- it is necessary 
to complicate the motor very considerably. - The essen¬ 
tial condition for a high starting torque is that the 
induced rotor currents-should set up a rotating magnetic 
field whose amplitude should be • aS nearly constant as 
possible, t^at is, the field should be circular * and not 
elliptical. . This condition ‘ is not fulfilled when the 
motor is stSrted up by the eddy»currdhts induced in 
solid pole-shoes, or in damping gilds of ordinary con- 
structionf since the induced currenis in these cases 
are more in the nature of single-phase currents. #The 
field set up by'^tfiese currents has therefor^ a smaJJ. 
rotating component but has a large alternating com¬ 
ponent, this latter being * ' shdlden 

falling-off in starting tor<^ue.«when half synchronous 


torque when half speed is attained; and it will have a 
tendency to creep too slowly past this point, although 
probably this is not noticeable when driving a com¬ 
pressor, owing to the easy starting characjgtistics of 
this kind of load. The third objection is rather peculiar 
and it appears to have been overlooked pftviously. In 
order that a rotating field may be set up, the axis of 
t!ie damping winding must be displkced 90 electrical 
degrees from the aSds of the exciting winding, this* 
latter acting as oni^'phase, as shown in fig. A. When 
the motor is running normally, the damper, to be 
effective, must bg arranged with the centre of each grid 
coincident mth/the i polar axis, whereas in the ^S.G.E, 
motor the grids are each 90° from the polar axis. ^ In 
this position they will have practically^, no E.M.F, 
induced in them in the event of phase-swinging taking 
place during normal operation; and therefore as dampem 
they 1^9111 be ’ practically inoperative: The ^method of 
« obtaining .the necessary rotating field with the least 
complication is probably the two-phase arrangement 
shown in Fig. B. Here the orthodox damping grids 
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ax« joined* together across the. interpol^ gaps, first 
one side then on the other,.so that the outside bars of 
the grids along with the connecting strips form a second 
phase displaced 90° froiii the polar axes. This phase 
is brou'^ht to two slip-rings, one of which is shared by 
tllfe exciting windings, * so . that altogether only three 
pngs are required as in the S.G.E. motor. Now in 
order that the two phases of this starting winding may 
have characteristics as nearly equal as possible it is 
necessary to have a large ratio of pole arc to pole pitch, 
and also to employ a narrow air-gap. But with such a 
construction the excessive magnetic leakage at ^e 
pole-tips and the effect of armature reaction, whfth 
would be large owing to the high value of the ratio 
(armature strength)/(field strength) occasioned by the 
use of a narrow gap, would practically wipe out the 
field set up by the second phase of the starting winding. 
This difficulty is overcome by employing a narrow gap 
at the pole face and by inserting non-magnetic liners I 
between the pole cores and yoke. The total air-gap, 
from the point of view of the main field, is therefore 
a long one and the armature is magnetically weak in 
comparison with the field. 

'Although the S 3 mchronous induction motor 
shows up to advantage as regards starting conditions, 
the reverse is the case as regards normal running. 
Owing to the harrow air-gap of the induction type 
machine, it has a relatively strong armature which 
tends to produce instability if the load is at all fluc¬ 
tuating. On the other hand the very long air-gap of 
the salient-pole motor necessitates a magnetically 
strong field, and this renders the running of the motor 
very stable even with violently fluctuating loads. No 
better illustration of the stability of the salient-pole 
motor could be found than that afforded by the syn¬ 
chronous-motor-driven converter sets for the main 
winders at Llantrisant. In order to improve the 
operation of the synchronous induction motor in this 
respect it is usual to employ an air-gap someftvhat 
longer* than that used for a plain induction motdr of • 
the same size. Another method is to use an automatic 
regulator which adjusts the excitation to suit the ‘ 
magnitude of the load. Such a device should give a 
better utilization of the motor on fluctuating loads, 
since its use enables a smaller motor to be employed 
than would be possible if the motor ran with constant 
excitation. • 

Geneyal .—fexcept for machines with a small number 
of poles, say up to 6, a greater output for a given 
frame can be obtained with a salient-pole motor than 
' with a S 3 mchronous induction mcftor, because the field 
ampere-tums ^do not become a li^aiting feature, and 
advantage can be taken of this to make use of an 
air-gap which is longer than that requijed for mechanical 
reasons alone. The induction-type machine is essen- 
ti^y a high-speed machine, whereas the salient-pole 
constructidh is more suited to medium and 16w speeds. 
On salientr-pole Machines the short-circuited winding 
chokes down the flux entering the poles at starting, 1 
thereby reducing the voltage across the slit)-rings. 
This permits of a large number of turns per bobbin • 
of the exciting winding, so that a standard excitation 
voltage call be ^ised. When startinjg the induction ^ 


type of motor the full voltage is switched on to the 
stator, and in consequence the field 1[rotor) turds must- 
be kept low in order to prevent a very high voltage 
being set up across the slip-rings. In a plain induction 
motor of large size this voltage may be as high as 2 OOO 
or 3 000 volts, obviously much too high for a circuit 
containing a small d.c. exciter, whether the exciter is 
left permanently excited or whether it^is switched m 
by means of a manually operated change-over switch. 
This difference in the excitation voltage of the two 
types is very clearly illustrated b^'^e following figur^. 
The salient-pole synchronous motors of the Ward- 
Leonard converter sets at Llantrisant each have a 
capacity of 1760 kVA, their excitation bemgr 225 
amperes at 66 volts. The fans at the same colliery 
are driven by synchronous induction motors each of 
600 kVA capacity, the excitation for these being 
370 amperes at 16-27 *5 volts. In consequence of the 
low excitation voltage, the exciters of synchronous 
induction motors have to be built with very long 

commutators. x j. k 

Although the author mentioned the use of 
speed compressors for long-distance transmission of 
compressed air, he did not refer to the driving of such 
compressors by electric motors. Presumably the com¬ 
pressors in use at present are all driven by steam 
turbines, as indicated on one of the lantern sMes. 
What, in the author’s opinion, is the most suitable 
type of electric mbtor for shch a drive ? The choice 
of motor appears to be the turbo-type synchronous 
motor, i.e. the motor having the same essential con- 
: structional features as the turbo-alternator, and the 
plain induction motor. The turbo-speed induction 
motor can, of course, be run as a synchronous induction 
. motor, but it is more unstable when synchronized than 
the synchronous induction motor running at lower 
speeds, and would therefore probably not be considered. 
The turbo-speed induction motor has exceptionally 
good operating characteristics, its full-load power factor 
is high, and there is thus no necessity to employ a syn¬ 
chronous motor unless power-factor correction is a 
necessity. The cost of these motors is considerably 
less than that of synchronous motors of the turbo 
type. Possibly for very large outputs the synchronous 
motor would be preferable. 

* Major W. Roberts {communicated) : About 12 
months ago the author told me that his practice was to 
start motors up to 60 h.p. in size by switching fhem 
straight on the line. I notice that in a year his ideas 
on this subject, like many others, have progressed and 
he now talks of switching 160-h.p. motors straight on 
thailine. In this respect I think'he deals with bigger 
figures than anyone else, and the average colliery or 
supply undertaking wonld strongly object to this pro¬ 
cedure. I take it that in his case it is only possible 
due to the si^ of his plant ^nd the oth& ^.pparatus 
cdhiittctfed. to the lines.' Can the author give, any 
information as to the size of machine tha?t can be 
stariied in this manner without harm to the remainder 
^f the pftint, as a percentage of tfle^total generating 
plant aijd the load®connected ? Even with the special 
tyjTe*of winding fo*whi<^3^he refers, I take it that the 
burrent on starting is three or four times the normal 
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full-load current, and as tins presumably means that 
his overload releases are inoperative during the starting 
process, does he not think it a disadvantage to have 
machines oU such large size coupled ditectly^ to his 
supply without any protecting device as they (presum¬ 
ably) are with a two-position starter ? In describing one 
of the lantern slides the author gives 23 or 24 per cent 
as the starting torque of a compressor with an unloading 
device. Can & state what this figure would be for 
ordinary reciprocating compressors without unloading 
device ? He mentioiled, I think, that on one job the 
starting current was approximately equal to normal 
full-load current, but this figure appears to me to be 
somewhat on the low side, and I shall be glad to know 
if it is‘'a figure that he has consistently found in 
practice. 

Major E. I. David {in reply ): Mr. Jenkins is sus¬ 
picious of the Stjemberg coefficient. As I have previously 
stated, it must be used with circumspection. It is 
useful as a first approximation for eliihinating the 
extremes. Nothing but a complete examination, by 
experienced engineers, of all the complex factors can 
finally settle the best type for each particular purpose. 
RevePse-current braking is far simpler than would 
appear from the curves in Fig. 7. To attain creeping 
speed, the resistance in the controller is such that a 
movement away from the central position of the lever 
through a limited range increases the braking torque 
at all speeds. In the large a.c. winders described (see 
Fig. 6) the mechanical brakes are only used to effect 
the final braking and to hold the drum stationary; all 
main deceleration and weight-lowering is done by 
reverse current. The heating effect of this must be 
calculated and the controller and the motor rotor 
designed accordingly. 

Mr. Muirhead rightly refers to some of the factors 
which have to be considered in the power supply for a 
group of collieries. In the case mentioned there are 
six main power stations all interlinked electrically, 
utilizing gas and low-pressure, high-pressure and extra- 
high-pressure steam. Duff coal is used almost exclu¬ 
sively for steam generation. 

Mr. Anslow's reference to the 20-year-old steam- 
driven Ward-Leonard sets is most interesting and gives 
rise to the question i Why have miore plants of 
type not been installed ? 

In reply to Captain Sparks, the drives referred to are 
Lenix drives (see also page 666), I would refer this 
speaker to the figures given on page .^24 for the light¬ 
load losses in the high-speed vertical-type compressors. 
The mechanical efficiency of these machines is excep¬ 
tionally high. The fuels I refer to as difficult .to bnm 
on ordinary stokers are low-volatile, washery slurries 
and froth Rotation coals, both already very fine and 


easily pulverized and of- hi^ calorific value*. » Certain 
gear-makers do not insist on forced lubrication, whilst 
others, using similar tooth pressures, do. I prefer to be 
safe and fit sprays in all cases.* Captain "Sparks may be 
interested to know that the old direct-coupled 1909 
winder motor with a new (Jrum is still doing 100 
cent overload every day in a new pit. The power unijk^ 
available in 1911 were much smaller and equalization was 
necessary. A 2 500-h.p. winder now bears the same 
relation to the power units as a 260-h.p. haulage did 
then. 

In connection with Mr. Isaacs’s remarks, I would 
re?er him to page 622. 

Mr. Cotton’s valuable contribution clearly describes 
the relative merits of the salient-pole and sjmchronous 
induction-type synchronous motors. His conclusions 
agree with mine, namely, that for low-starting-torque 
low-speed high-efficiency drives such as compressors, 

• the salient-pole machine is preferable and usually 
cheaper; and thaf for high-speed high-starting-torque 
drives with sHght overloads such as ventilating fans tiie 
S 3 mchronous induction motor is preferable. High 
efficiency is essential, and the synchronous induction 
motor can be designed for efficiencies nearly as high as 
those of salient-pole machines for speeds of 600 r.p.m. 
upwards. For large high-speed motor-generator sets 
salient-pole machines are cheaper, more stable, more 
robust and slightly more efficient, whilst their starting 
torque is ample and their excitation voltage more 
reasonable. Provided high efficiency can be obtained, 
I prefer for turbo-compressor drives a plain induc¬ 
tion motor, because of its stability and al^b because the 
load variations are so extreme that it would be difficult 
to prevent violent power-factor fluctuation in a salient- 
pole or synchronous induction motor. The speed of 
most turbo-compressors of 7 600 to 16 000 cubic feet 
per minute capacity is from 4 000 to 6 000 r.p.m. 
Gearing is therefore necessary and a normal machine of 
600 to 1 000 r.p.m. is cheaper and more efficient than a 
macixine of the turbo type. Speed variation of, 10 to 
16 per cent would be a great advantage. 

In reply to Major Roberts, switching ai 160-h.p. 
Boucherot-type motor on the line produces a kick of 
3 to 4 times full-load current, falling rapidly 

. times, but this is small compared with the starting 
current of a 1 600-h.p. a.c, winder motor. The two 
overk)ad trips have oil dash-pot time-lags and are set 

• for 76 per cent overload, but there is an fhstant^neous 
earth-leakage trip. Induction-motor-dnven compressors 
up to a capacity of 3 000 cubic fee^ per minute are 
frequently started up without uiilpading against full 
receiver pressure a^^d, when cold, take j^p to 160 per 
cent of fuU-load current, but it is preferable to use the 

. unloading device^ 
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DISCUSSION ON 

“THE DRIVE OF POWER STATION AUXILIARIES.” * 

Western CENtRE, at Cardiff, 2 March, 1925. 


Mr, J. W. Burr: Years ago we did not worry very 
much about our auxiliaries. If they failed it simply 
meant running the engine to atmosphere and coupling 
up an extra boiler. To-day, with turbine units, the 
failure of any part of the auxiliary plant entails shuttRig 
down quicldy. Our auxiliaries, therefore, must be 
reliable, as continuity of supply is essential. The 
authors state that half an hour’s interruption may 
be attended with disorganization at the worlb. In my 
district a much shorter interruption is sufficient to 
cause great disorganization at the works apd collieries, 
particularly the latter. The importance of the duplica¬ 
tion of auxiliaries depends, in my view, upon the number 
of sets running at one time.. For example, if four sets 
were running it would, obviously, not be so necessary 
to duplicate the auxiliaries as in the event of the load 
being taken by one set. Referring to the boiler feed¬ 
pumps, I prefer to drive half by steam and half by 
electricity, and I suggest that if certain of the auxiliaries 
were driven by d.c. motors in connection with a battery 
it would not be necessary to install a house set, as 
suggested by the author. As regards injectors, I think 
it is common practice to lit these in duplicate, each 
dealing with 60 per cent of the steam at maximum load. 

Mr. F, H, Corson: I should like to associate myself 
with the view expressed by hlr. Burr as to the out¬ 
standing importance of reliability in public electricity 
supply, even, if necessary, at some sacrifice of cheapness. 
Economy of generation is governed principally by the 
main generating sets, but reliability is perhaps more 
closely dependent upon the arrangement and operation 
of they auxiliary machinery. I have often been accused 
of unduly stressing the importance of continuity of 
supply, and it may be of some interest to mention a 
few only of the results of a shut-down some 12 months 
^SO,^the actual duration of which was only 3 minutes. 
The machinery of a flour mill was stopped for about 
3 hours,, a week’s output at an artificial silk factory 
was spoilt, and a charge , of ice at an ice factorj^^was 
lost because S m^ had such confidence in our reliability 
as to leave his plant running unattended. At a chemical 
worla some delicate operations were interrupted ancl 
•possibly ruined altogether, and similar results occurred 
at a milk st^ilizing and pasteurking depot. I am 
therefore very glad that the authors have made this the 
^ynote of their paper. I have recent^ had to consider 
e qu^tion of effective stand-by provision to auxiliary 
machinery, and have approached it from two distinct 
points of view: first that of the faUure of an important 
a^ih^, as, for example, a circulating pump the repair 
which may take some time, and where the running 
economy of the stand-by provision must be ecfual to 
that of the machinery it replaces; and secondly that , 

VO* ^ (see vol. 61, pT 829, and 


of a complete shut-down where running economy is of 
no importance, and where the simplest and quickest 
means of recovery must be profided, regardless alto¬ 
gether of its economy of performance. In my opinion 
the authors acted wisely in confining themselves to a 
sort of. abstract analysis in their investigation of the 
operation of auxiliaries, and in refraining froiil making 
any specific recommendations. 

Mr. J, E. T^asdel: It certainly does. seqm. strange 
to talk at this date about the necessity for a coiitiinious 
supply. I thought it w^as generally agreed that this 
was of paramount importance and overshadowed all 
questions of cost. There may, however, be extremes 
in the matter of duplicated auxiliaries, etc. I have 
known a case in which every engine had two steam 
pipes to a breeches pipe. After the plant luurbceu 
running for 20 years the coverings began to fall oil the 
duplicates and they .were sold for scrap as they had 
never been called into use. It would appear to bo 
more necessary to duplicate mains rather than steam 
pipes, because in these clays there is probably more 
trouble arising outside the station than inside. 

Mr. A. J, Newman; I should like to endorse all 
that Mr, Burr and other speakers have said as to the 
paramount importance of reliability. Take tlic case 
of a flour mill deriving its power from a local supply 
undertaking. A variation of frecpiejicy even may 
upset their mill, operations for aii. hour or more 
and interfere considerably with their oqtput. There 
is also the case of chemical works, to which refer¬ 
ence has already been made. It has^ been, our 
modem practice to install steam, ejectors in duplicate 
for air-extraction purposes. We have not, however, 
yet reached the stage of having a stand-by for the 
circulating-pump system, but it is at the present time 
receiving my serious consideration, I am rather in 
favour of letting a turbine float on the same shaft as 
tne motqr, with an automatic change-over device. I 
should like to know what the authors think of such an 
arrangement. With regard to the extraction pump, 
our practice is t (4 use three-phase alternating current 
taken from the main busbars for our engine room 
auxiliary supply and to have d.c, auxiliaries for boiler- 
houfSe purposes, chiefly because of the desirability of 
having speed regulafion in the latter case. The damage 
caused by a large turbine going to atmospk^ere should 
be avoided at all costs. There are occasions, however, 
when one may* be obliged to gb to extrenCe measures. 
One o£these occasions^actually occurred at our generating 
station. We had a 4 000-kW set running on atmosphere 
for considerable periods td carry our load over the 
Christmas^peak. As to auxiliaries *he boiler house, 
our practice is to fhave steam feed-pumps. We use 
turMrfes for this purpose^ eiiiefly because they take the 
fbrm of feed-water he 2 U:ers. They are close to the 
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hotwells and are quite satisfactory and reliable appli¬ 
ances.• , . . . ^ 

Ml*. O, S„ Hosgood: The list of alternative sclienies 
given in thp paper, is ypry useful, A special d.c. 
generator on tlie end qf the main turbo-altemafbr shaft 
would, in my opinion, be a danger. If the alternator 
set is shut down, due to. a breakdoAvn, then the auxiliary 
d.c. set would of course be useless. . It is wiser to have 
the auxiliaries away from the main shaft , and have an 
independent drive. As to having a d.c, plant for the 
boiler-housp. auxiliaries,. should the d.c. plant break 
down one must ha^e. an .alternative..scheme to get the 
auxiliaries going, again, because the boiler house is of 
grea^ importance. Then there is tlae question .of feed 
punips ih the boiler house. I quite agree with Mr. Bun* 
that electrically-driven pumps should be duplicated. 

Mr. P, .J. Plevin: I, believe, that, in one American 
station each of the four .or hve units it contains is 
provided with ..its own house set. These house sets 
generate current for driving auxiliaries.., .Each is, fitted 
with a jet condenser, the. cooling water for. which is 
the condensate,from the main condensers, which have 
a vacuum of about 29 in., the temperature of the 
condensate being about 80® F. The vacuum in the. jet 
condenser is, 1 believe, about 25 in., and the tempera¬ 
ture of the water., extracted is about 130® F. The 
water extracted., (which includes tlie condensed steam 
froln the house turbinej is therefore passed into the 
economizer aboyp tJxe temperature at which. condensa¬ 
tion takes place,on the tubes. Each main and house 
set is an independent .umt.s , The. system, has the objec¬ 
tion that if the house .set breaks down the main set is 
shut down also.. Another,lObjection is.that fluctuation 
in load on the main set means a corresponding variation 
in the quantity and .temperature of the cooling water 
supply to the Qondenser. . of. the house turbine, and 
therefore a variation in the supply of power.to auxiliaries. 
The scheme, however, impressed me, as being simple, 
and I should be glad to have any details of its perform¬ 
ance which the authors can supply. The question of 
reliability, has been stress.ed, quite rightly, by every 
speaker in the discussion.. la earlier days not sufiicient 
attention was paid to matters such as motor control¬ 
gear. Very often cheap designs w^ere accepted that 
were suited only to ordinary commercial work, without 
consideration as to their relationship to the compile 
set in respect of immunity from breakdown. Such 
was also the case with regard to auxiliary turbines. 
When the turbine drive for auxiliajies first came into 
favour, many cheap foreign machines,of quite unsuitable 
design 'were used. In many cases due attention was not 
paid to the steam connections. It was thought th^t all 
that was necessary was simply tef take a branch from 
file main^team pipe to the turbine, and such factors 
as drainage and provision for expansion were frequently 
ignored. This is probkbly one reason* why the steam 
^rbine !or auxiliary drives fell^intb discredit., There 
is one other matter which should be borne in mind, 
and to which I do not think the authors- have iil^ded. 

I refer to th^ lugrout of auxiliary plant.# In older 
layouts especially^ auxiliaries weje frequently placed 
in s.ny position which pr^^ded ^fibor space" enidrely * 
without regard to accessibility for inspection and over¬ 


hauling and to the fact tbat their satisfactory^ perfo^jm- 
ance is just asi^vital as that of .the main sets.* Thi#, of 
course, is wrong, and in my opinion the proper location 
and installation of auxiliaries is just as important as 
that of the main plant. . ^ . 

Mr. R. Roper: We have recently installed a ho#se 
turbine on similar lines to tliat mentioned by Mr. Plevin. 
This unit is complete with turbine, alternator and jet 
condenser. The condensate from -the main units is 
utilized as cooling water .for the. jet condenser on this 
small house turbine. The water from this jet condenser 
is delivered to hotwells in the .boiler house, and from 
tkence pumped into head tanks. The exhaust steam 
from the head pumps and the feed-pumps still further 
heats the head tanks, and the temperatures can be 
taken as 150° F. for the hotwell and 200° F.-220° F. 
for the head tanks. This temperature can,be varied 
by adjusting the load on. tlie house set by means of 
change-over switches on the. duplicate auxiliary busbars. 
The eificiency of this house turbine is not of such prime 
importance as the greatest reliability of service. Witli 
regard to our circulating water, we have a large .cir¬ 
culating pump of 530 h.p. delivering. 18 500.gallons per 
minute into one common header pipe, and from, this 
pipe we take a supply of circulating water for the 
various condensers. 1 much prefer steam-driven to 
electrically-driven boiler feed-pumps. . The exhaust 
steam from the steam-driven feed-pump can be passed 
tlirough evaporators, and by so doing we are able to 
obtain a large percentage of supplementary feed for 
our boilers. This method is, I think, quite as economical 
as the electrically-driven feed-pump; in. addition, 
should any trouble be experienced on main generating 
units the steam pump can. always be,relied on to. feed 
the boilers. The house turbine runs at 5 000 r.p.m., and 
this is reduced through gearing to the; generator which 
runs at 500 r.p.m. Wc are also doing without econo¬ 
mizers on our new boiler plant, using air heaters instead. 

Mr, W. Holley: The moral to be.drawn from botli 
paper and discussion appears to be that we need, better 
auxiliaries. Every operating engineer knows that some 
of his plant rarely breaks down and that somejis -more 
troublesome. If all were as good as the best there 
w'ould be very few breakdowns. When trouble yccuis 
it is nearly always fipm some small cause such as a con¬ 
tact too small for its work or a brush difficult to adjust 
anc^ therefore to keep in order, I suggest that manu¬ 
facturers should look more into these ^details—I am 
sure every operating engineer would gladly assist them. 
•Auxiliary plant is too often installed in awkward posi¬ 
tions and consequ^tly is not cleaned and properly 
examined because of the difficulty of getting all round it. 

Mr. R. Hodge; Referring to Mr. ifolley's remarks 
as to the class of apparatus supplied for power station 
auxiliary control in the shape of contacts, etc., and 
speaking as a representative of a manufacturing firm, 

I should like to say that it is the ma^nufacturer's 
endeavour at all times to provide appar^us of such a 
quality as will ensure continuity of supply. In con¬ 
nection with the size of contacts, etc., it must alwfiys 
be borne in mind that the financial aspect more oftfen 
than Tifit enters into this point. If the buyer is prepared 
to pay a reasonable price he can •always be assured* 
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repjitable manufacturers .will supply him wit^^ an 
artlicle in which the contacts and othe? wearing parts 
are of ample capacity and dimensions to withstand the 
conditions of service. The question of buying a cheap, 
if not •the cheapest, type •of control gear for use in 
CQUjunclion with the cohtrql of power station auxiliaries 
•is^ very much to be depredated, especially when one 
realizes that the cheap control gear may form the one 
weak link in the chain of continuity of supply. 

Mr. H. Wilson: We in the Post Of&ce Engineering 
Department cordially appreciate, and are ready to 
applaud, every effort made by power station engineers 
to ensure that we shall have absolute continuity t)f 
service in all circumstances. In practically every 
telephone exchange in the country we provide duplicate 
power plant to guard against a failure in the public 
supply, and at the moment we are installing an 80-h.p. 
oil engine in a neighbouring town as a stand-by against 
such a failure. We are naturally desirous that, in 
general, any duplicate plant necessary should be pro¬ 
vided in the power stations and not in Post Offices. 

Mr. T. Stretton: This is the day of interlinking of 
power stations. I assume that we are dealing chiefly 
with new power stations, and there are very few power 
station sites in this country where an alternative supply 
is not available. Every effort should, I think, be made 
to learn whether an alternative supply is available, and 
the auxiliaries arranged accordingly; Mr. Wilson men¬ 
tioned that oil engines were being installed as a stand-by. 
In a recent lecture before the South Wales Institute of 
Engineers, Mr. Clark, the consulting engineer to the 
municipalities of Johannesburg and Pretoria, described 
a new power station at Pretoria and mentioned that the 
stand-by plant which he had installed was a petrol 
engine and generator. 

Mr. C. T. Allan: Mr. Plevin has called attention 
to one of the most important points, namely, reliability. 
Cases of failure are sometimes due to inadequate pro¬ 
tective. gear on the switchgear controlling the auxilifiry. 
Sometimes this is too complicated, and what is alwtiys 
needed is simplicity to reduce delay after stoppage. 

Mr. T. H. Wood: I think that the authors pass too 
lightly over the question of the most efficient drive. 


During this discussion at least two central-station 
engineers have advocated turbine-(friven feed-pumps.. 
I take it that they prefer this type of drive because 
reliability is bf paramount importance iiv feeding the 
boilers. This being so, I think that the most serviceable 
drive would be the one described by Mr. Newman, 
which incorporates the alternative motor or turbine 
drive. The normal drive in this case is the steam, 
turbine, because, provided the exhaust^ steam can be 
utilized in heating the feed water, this is the most 
efficient, giving an overall efficiefticy of about 90 per 
cent. On the other hand, in the case of the electric 
drive the efficiency taken over the same range, that is, 
from steam supplied at the main generator to the puwer 
given out at the auxiliary coupling, would only te about 
20 per cent. Of course this difference in efficiency is 
accounted for by the fact that in the first case the whole 
of the useful and latent heat in the steam is utilized, 
partly in pumping the water and partly in heating the 
feed water, whereas in the second case the latent heat 
is lost, being rejected into the condenser cooling water 
in the process of converting the steam into electrical 
units in the main generator. 

Mr. W. Naim: On page 830 (vol. 61) the authors 
state: " Unless the flow of circulating water through 
the condenser tubes is due, in whole or in part, to 
gravity (a highly desirable state of affairs which can 
rarely be obtained except in, hilly countries), if is 
evident that a stoppage of the circulating water^ pump 
will mean a stoppage of the flow of circulating water.'* 
Electrical engineers are often criticized for not making 
more use of water power for generating electricity, and 
the authors' comment is a reply to such criticism, as 
the fact is that not a station of any size in this country 
has been able to command sufficient water power to get 
a gravity flow for condensing purposes. • If such a supply 
could be obtained either for gravity circulation or for 
driving the station auxiliaries it would be a godsend to 
station engineers. 

[Thq authors' replies to the earlier discussions on the 
paper (see vol. 61, p. 861, and vol. 62, p. 246) cover 
the points raised in this discussion.] 
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FUSES XnD fusible CUT-OUTS.* ' 

By P. G. Ashley, B.Sc.(Eixg,), Studmt. • > 

fABSTRACT of paper read before North-Eastern Students* Section, 2Qih February, 1925.) 


Summary. 

The paper briefly ^views the history of the development 
of fusible cut-outs, and proceeds to discuss in turn the various 
factors affecting the design and behaviour of wire and plate 
fuses»in air. 

The main features of fuse wires in oil are considered and 
also how their design and behaviour compare with those 
of fuses in air. 

Various t 3 ^es of enclosed and semi-enclosed cut-outs are 
described, as well as oil-immersed switch-fuses. The theo¬ 
retical aspect of the mechanism of fusing is summarized in 
Appendix 1, and the present position as to standardization 
in Appendix 2. 


^ Introduction. 

In the efurly days of electricity supply the dangers of 
^hort-circuits were not fully realized, and if the station 
operator could not open his knife switches in tinae a 
considerable part of the mains had to be replaced. 
The idea was conceived of reducing the section of the 
conductor in one part of the circuit so as to cheapen 
replacement and reduce the destructive effects of a 
short-circuit. As the benefits of this practice were 
realized, improvements were effected in the amount of 
conductor to be replaced and the means of replacing 
it, and the fusible cut-out as we know it to-day began 
to take form. 

« ' Historical. 

In 1879 the late Prof. S. P. Thompson invented a 
cut-out consisting of two iron wires connected by a 
ball of lead. Under abnormal conditions the lead 
melted and the wires flew apart. In 1883 Boys and 
Cunyngham patented a safety fuse with springs ; ;aiid 
Kelvin's fuse, which consisted of two pieces of springy 
copper soldered together by means of a low-melting- 
point alloy, was produced in 1884. Cockbum brought 
out his weighted fuse in 1887, and other special fofhas 
such as cartridge and Edison plug fuses soon followed. 
In those days resinous wood was frequently'used for 
the bases, and as a result of these, bases catching fire 
tlie fuses were often in disrepute. The risk of fire, 
although not yet entirely eliminated, is to-day con¬ 
siderably reduced by the use of porcelain, slate,^ and 
other non-inflammable insulating Materials. 

• 

Definitions. 

The following are t£e most importalht definitions to 

be noted in connection with the ftibject of fuses v— 

1 • • ■ 

" Cut-out." A device for protecting circuits, or 
apparatus <irom overload by means oj thelEusion 
of a specially designed part• 

* A Students* Premium was awardedby the CoiAcil for this phpert it is* 
the practice of the Council in such , to .phblish the. paper, in fiDl or in 
abstract, in the foumaU ‘ • * 


"Fuse link." That part of the cut-out which is 
designed to open the circuit by fusing or melting. 

" r^otected cut-out." A cut-out in which provision 

^ is made for protecting the operator. from any 
dangerous effects of operation. 

" Rated carrying current." The maximum current 
the apparatus will carry under prescribed con¬ 
ditions. 

" Fusing current." The actual current at which the 
metallic circuit is broken. 

" Minimum fusing current." The minimum current 
which will, under prescribed conditions, cause 
the fuse link to melt. 

" Fusing factor," The ratio of minimum fusing 
current to rated carrying current. 

Minimum Fusing Current. 

One of the most important characteristics of a fuse 
link is its minimum fusing current, which is closely 
associated with the rated carrying current. Such terms 
as “ normal fusing current" are confusing, and it is 
better to use the word " minimum " or else to refer 
to the time of fusing at a definite current value. 

The two accepted methods of determining the 
minimum fusing current are (1) by plotting a curve of 
fusing current against time and (2) by steadily increasing 
the Current until the fuse melts. In the former case 
the full current is allowed to flow through the fuse 
and the time of fusing is noted; whilst in the latter 
cash the fuse is allowed to attain a steady temperature 
before the next increment of current is applied. 
Method (1) is the quicker and simpler of the two and 
the one most commonly employed. 

At supply frequencies it is immaterial whether the 
fuse link is tested with alternating or direct cijiTent, 
provided that only commercial accuracy is required. 
Tests by the author show definitely, however, that the 
miiamum fusing current with alternating current is 
lower than with direct current. 

<* 

% 

Mechanism of FusJng. 

Fundamentally, while 0*24 calories are beiiig 
generated each second in the fuse link, dissipation is 
taking place by conduction, convection and radiation. 
Neglecting deterioration, any current at which the 
heat dissipated is equal to the heat generated is a safe 
continuous rating for the fuse link. It is almost im¬ 
possible to determine the safe rating^ theoretically, 
owing to the difficulty of determining the loss due to 
the {actors of dissipation. . Appendix 1 shows ,the 
development of various formulae for detiprmining the 
minimum fusing current. These formulae throw interest¬ 
ing li^t on the mathematical side of the question, but^ 
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in practice a judicious compromise between theoretical Table 2 shows how these formula 
fofjpulae'aTnd reliable test-figutes will usually give«the Preece’s formula.. r 

required information. 


Table 2. 


compaxe with 


Fuses in Ai&. • 

Most of‘'the original •investigations on fuse liuks in 
air were carried out by the late Sir William Preece. 
Improvements on his formula have been dealt with by- 
Schwartz and James,* and their paper remains almost 
a standard work; of refereoice. . 

Factors Affecting Fusing Current. • 

The chief factors concerned in determining the fusiifg 
current of a fuse link are 

(1) Diameter of wire, or breadth and thickness of a 

plate fuse. 

(2) Material. 

(3) Length of fuse and mass of teminals. 

(4) Environment and position. 

(5) Time of current-flow. 

(6) Whether fuse is in tension or not. 

Diameter of Wire ,—^Assuming all other factors to be 
fixed, Preece gives I = where I is -the minimum 
fusing current, d is the diameter of the wire, and a is 
a constant having the following values ‘ when d is ex¬ 
pressed in millimetres : Tin, 12‘8; lead, 10*8; copper, 
80. Table 1 is calculated from this formula. 

Table 1. 


Nearest. S,W,G. for Given NEinirnum Fusing Currents 


Current 

Tin 

Lead 

• Copper 

aixips. 

S.W.G. 

S.W.G. 

S.W.G. 

1 

37 

35 

* 47 

2 

31 

30 

43 

3 

28 

27 


5 

26 

23 

38 . 

lO 

21 

20 

33 

15 

19 

’•‘18 

30 

20 

17 

/ ' 17 

28 

26 

16 ’ 

15 

26 

90 

16 

14 

26 

40 

14 

13 

23 

50 

13 

_ ' 

21 

60 


— 

20 • 

80 

• — 

— 

19' ■ 

100 

m 

— 

18 

160 


_ 

16 

200 

— 

• 

16 


r 

• 



Schwartz and James give the foUowm% modifications 
of Preeceis fomiula :— 

When losing current lies between 1 and 10 amps. 

^ J = 

Wh^ fusing current lies between 10 and 100 amps. 

. 

JoufnalJ.B.E^; 1906, vol. 86, p. 864. 


Compai^son *of Indites and Constants for Formula of 
Preece and of Schwartz and James Formulce, 


Material 

Range of 
fusing 
current, 
amps. 

Schwartz and James 

^ Preece 

Index 

Constant 

Index 

Constant 

Copper 

Tin .. 

Ito 10 
10 to 100 
Itp 10 
10 to 100 

1*196 

1*403 

1*196 

1*403 

#• 

6?*4\ 

69*9J 

10*8\ 

11*6J 

1*6 

1*6 

80 

12-8 


Material .—^With tin and lead, owing to their high 
resistivity compared with that of copper and silver, 
the size of wire required to carry a given current is 
greater. This reduces the safety, as a greater amount 
of metal has to be volatilized vrhen the fuse blows. 
Aluminium and zinc, although almost non-arcing 
metals, have the disadvantage of being mechanically 
weak» A peculiar disadvantage of aluminium is thdp 
when the wire is carrying load a skin of oxide or car¬ 
bonate forms which is sufiftciently tough to retain the 
inolten core of the metal. This phenomenon is asso¬ 
ciated to a lesser degree with tin and lead wires. It 
was first observed by Cockburn in 1887, and that was 
why he weighted his wires; The oxide-skin effect is 
not so noticeable with large wires, as the formation of 
the skin prevents • further oxidation or carbonization. 
It is probable that the thiclmess of -fche skin is constant 
for all sizes of wire, and therefore has less effpct on 
the larger diameters. Copper is the most common 
metal used for fuse whes owing to its high conductivity 
and comparatively low watt loss ; it is fairly “ clean 
in fusing, and is mechanically strongj^ cheap, and easily 
obtained. 

Three special forms of' fupe links have been placed 
on -Qie market within recent years, viz. bi-metal fuse 
wire, the ''AOToflex fuse element, arid the/'Zenal *' 
fuse clement, i^l of Ijiese are designed on substantially 
th» same principle, i.e. they, consist of a low-meltog- 
point metal of comparatively low, electrical conductivity 
in p^allel mth a metal of high conductivity and higher 
melting point. On overload the alloy, melts fairly, 
slowly, is released, ^nd falls away frpm tlie fuse link, 
leaving the copper alone in circuit. The section of the 
copp^ is so proportioned that it will not alone carry, 
the increased current, •and the overload is therefore cut 
off by the copper. The general effect of this^principle 
is that the fuse link can be run at a current value very 
near to its minimum fusing cisirent, the ^generated 
heat bemg mainly dissjpated by the low-melting-point 
alloy. When the alloy has fallen away, however, the 
actual work of opening the circuit is carried out cleanly 
and quietly J;>y the copper. • * c ^ ' * 

Eength of fuse link^’^A.s shown in Appendix 1, in 
Clevelqpwigr the Freeze. form\)Ja the length of fuse link 
does hot enter into \he fheoretical determination of . 
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the minimum fusing^ curreist. Actually, the effect, of 
this factor, is closiply associated with, the mass of the 
terminals.. . To make a, Ixue. comparison between the 
minimum fusing current of a long length and of a 
short length of wire tlm relation between the length of 
wire and the mass of the terminals should be kept 
constant. This condition is practically impossiblfe to 
obtain. If the mass of the termmals is kept constant 
the minimum<»,fusing current is. proportional to the 
reciprocal of the length. So far as a short-circuit is 
concerned, it is onl^ necessary to make the distance 
between the termmals such that an arc cannot be 
maintained when the cut-out is subjected to the worst 
condjltions which it will have to encounter. 

Environment and position .—^Environment plays a 
large part in deciding the minimum fusing current and 
therefore the rated carrying current of the fuse link. 
Types of cut-outs range from open, in which the fuse 
link is quite bare with a large volume of air round it, 
to totally enclosed cartridges in which tlie fuse link is 
contained in a closed tube jpacked with some form of 
insulating powder. The difference caused by these 
extreme conditions will be appreciated and it will be 
seen^that no theoretical estimate can be made of this 
effect. 

^ Tension .—^The object of employing spring tension is 
tef give the cut-out a higher breaking capacity; the 
reduction in minimum fusing current wliich also results 
is very often undesirable. Tt is unlikely that Ferranti 
in his early oil fuse adopted spring tension to increase 
the breaking capacity, as it was little understood in 
those days : it is more probable that he found it a 
convenient means of preventing flash-over between the 
terminals. 

Plate Fuses. 

Plate fuses allow more scope in design than wire 
fuses, owing to the fact that considerable variations in 
minimum fusing current can be obtained.by suitably 
proportioning the breadth and thickness of the plate. 
In addition, for the same volume of metal a. plate fuse 
will carry much more current than a wire fuse, owing 
to the larger cooling surface. ' , 

Watt loss and Fusing Factor. 

The watt loss at normal load depends upon the fusing 
factor, i.e. the ratio of minimum fusing current to 
normal load, or rated carryihg current. A fusing 
factor of 2 is frequently asked for by supply under¬ 
takings, but it is very doubtful wl^ether this factor is 
suitable. A factor of 3 is preferable, as this con¬ 
siderably reduces troubles due to deterioration as a 
result of oxidation. A large fijsing factor means a 
high overload setting, but low watt loss and a minimum 
of oxidation troubles. A small fusing factor gives 
definite aqtion for ligljt overloads, but is liable to give 
trouble^due to heating. 

Fuse Links in Oit. 

In the opinip» of SchWartz and James ^o fuSe wire 
should be used m actual contact with oil. DesfJite 
this opinion, oU-immersed^ses aift giving satfefgictory' 
service in all parts!of the ceJ^try. The. same develpp- 


ment has taken place as with. .circuit breakers: the 
oil-knm^ed c]jfcuit breaker is the natural ouatcome^of 
the need for apparatus capable of breaking large 
currents at high voltages, and the qil-iinmerse^. fuse is 
the outcome of the same need.* 

The previous, rejnarks .regarding fuse liijhs!* in air 
apply equally to fuse links. m\oil, Copper, tm, lend 
and bi-metal fuse links have been successfully use^d.. 
The watt loss is about,four times the loss for the same 
rating in air, this being due to the fact that increased 
cooling allows a higher current densily to be employed. 
Tests-ishow that the minimum fusing current increases 
ag the head of oil over, the fuse is increased, but actual 
figures are not at the moment available. The ratio of 
minimum fusing current in oil to rninimum fusing 
current in air for a precisely similar arrangement of 
fuse wire and terminals depends upon the head of oil* 
but is of the order of .3 to 3*5 for a 6-inch head. 

Types of Fusible Cut-outs. 

Fusible cut-outs as a class may be divided into 
(1) open, (2) semi-enclosed, and (3) totally enclosed, of 
wliich the ’ open type is now’ practically extinct. The 
semi-enclosed type usually takes the form of an insu¬ 
lating tube open.at the ends, the fuse link passing down 
the centre of the tube; whilst the totally enclosed 
type consists of a tube completely filled witii ah insu¬ 
lating powder tlirough which the fuse link passes. 
This filling material rapidly cools the generated gases 
by forcing tliem into the interstices of the powder, and 
thus effectually smotliers tlie arc. 

• Potential Transformer Fuses.- 

These are designed for the express purpose of pro¬ 
tecting the system from the effects of a short-circuit 
on the high-tension side of the potential transformer. 
It is generally recognized tliat it is necessary to use a 
resistance in series witli these fuses, the value of the 
resistance depending upon the short-circuit kVA at that 
point. In metal-clad gear where the saving of space 
is important, one manufacturer has embodied this 
resistance in the fuse. This fuse is of the enclosed 
type and consists oi a small-gauge wire of special alloy, 
the tube being filled witli marble dust. This wire is 
itself of high resistance, and with extra-high-xoltage 
gear a further saving of space is achieved by winding 

the wire spirally on an insulating core. 

n 

SCHWIETZER AND CONRAD FlTSE. 

► The S, & C.,'' ** Empire,'' or carbon tetrachloride: 
fuse consists of a glass tube filled with carbon tetra¬ 
chloride containing a spiral spring the lower end bf 
which is connected to the bottom ferrule. The upper 
end of the spring is attached to the fuse,.which passes 
through a cork'^d is connected to the top ferrule. At 
the top of the spring and just below the cork is^a funnel- 
shaped liquid-director. Melting of the fuse wire re-i 
leases the spring, which then draws the rqpving terminal 
down to the bottom of the tube. Simultaneously with 
the introduction of this large gap the liquid extinguishes 
the arc, the rapidity of its action being accelerated ^by 
the liquid-director, which forces the liquid directly on 
to th5 moving terminal. 



1136 


ASHLEY * FUSES AND FUSIBLE CUT-OUTS. 


Switch-Fuses, , 

thifi apparatus the blade 6r blades of an ordiftary 
knife switch are replaced by fuses. The modem 
development for high-teflision work is the oil-immersed 
switch-fuse, many of which are in use all over the 
country at voltages from 660 to 33 000. These switch- 
flilies are primarily intended *as a cheap piece of apparatus 
for controlling a tee from a high-tension line in places 
where a circuit breaker is prohibitive. The fuse links 
axe held under spring tension in the middle of a fairly 
large volume of oil and under a head of oil depending 
upon such factors as working voltage and requisite 
breaking capacity. Being totally enclosed and met%l- 
clad these switch fuses can be safely used out-of-doors 
without any special covering. They may be used as 
single units or coupled together to form a complete panel. 
In addition, they can be arranged to line up with existing 
metal-clad switchgear, and arrangements are made for 
fitting current transformers for metering or protection 
purposes. 

Standardization. 

Efiorts have been made from time to time to put 
cut-outs into one or more standard forms, and although 
we have a British Standard Specification (No. 88) it is 
rarely that a purchaser specifies that the apparatus 
which he is buying shall comply with this Specification. 
The Americans have gone very much further, the 
Specification of the National Electric Code being a 
thoroughly sound one and in constant use. 

Mr. H. W. Kefiord says : “If we would foster the 
popularity of electrical applications and the prosperity 
of the industry we must create and maintain confidence 
in the safety, reliability, and convenience of electrical 
power by every possible means ... the standardization 
of fuse design would undoubtedly conduce to economy 
in manufacture and result finally in a reduction of cost.“ 

In conclusion, the author particularly wishes to 
thank Mr. H. W. Clothier for his helpful criticism of 
the papei* in its draft stage. • 


APPENDIX 1. 

Mechanism of Fusing. 

/^effundamental relationship up to the point of 
fusion of the wire is :— 

Heat generated = Heat dissipated by conduction, 
convection and radiation. • 

By Newton's of cooling thp loss of heat per 
second is proportional to the difference between the# 
temperature of the wire and the temperature of the 
enclosure, and ea^eriment shows it*to be proportional 
to the surface a?ea of the wire. The# gain of heat per 
second is proportional to that is 

Heat generated = 0-24J^It, or 
where I = current flowing ; 

P = specMc resistance of copper; 

I and .d — length and diameter of wire respec- 
. * tively. 

• Heat dissipated =; emdlT 

' of Fuses,” Journal 1910, 


where e is the emissivity 6f the material, i.e. the heat 
in calories radiated in one second from unit 
area when the temperature difference is 
. 1 C.; 

and T is the temperature difference; 

Then eTrcHT = 

!■-0.0975 ” 

This is the general form of Preece's formula, the 
expression under the root sign being reduced to one 
constant in the final form. 

Example.—Copper fuse wires in air. 

We have: Melting temperature of copper = lr080^ C. ; 
air temperature (assumed) = 20® C., whence T^l 0^0; 
e for copper = 0*00036; p = 7 x 10^ ohms per cm®. 
This gives the minimum fusing current for 


No. 18 S.W.G. 97 amps. 

No. 24 S.W.G. = 33*8 amps. 

No. 30 S.W.G. = 12*7 amps. (cf. Table 1). 


W. Wilson, in an article on time-element fuses * gives 


where 1 = current flowing; 
a « 0*24E/(Ae) ; 
e = emissivity; 

A = cooling, surface ; 

M = resistance of fuse link; 

S == specific heat of material; 

T = MS/{2^rle) ; 

M = mass of fuse link; 
r = radius of wire; 

I = length of wire ; 
t = time; 

Tf = fusing temperature. 

It will be seen that for the minimum fusing current, 
t == infinity and €-^l^ «= zero. The equation therefore 
becQme*s 

JL — ® 

m 

Example.—Copper fuse wires in air. 

Mi nim um fusing current for 


No. 18 S.W.G. =s 98*5 amps. 

No. 24 S.W.G. s= 34*14 amps. 

No. 30 S.W.G. = 12*88 amps. (cf. Table 1). 


Foii lead wires C. P. Feldman f gives = Ad®, 

where L and d are the length and diameter respectively 
in mm, and A has the value 1 350 for L50-?»“gramme 
terminals, and 1 000 for 30—gramme terminals. 

Example.—LecHH wire in air, No. 18 S.W.C?.length 
2j in. > terminals W grammes. Minimum fusing 
current =14*7 amps. (cf. Table 1). 

For .aluminium plate fuses Schwartz and James t 
givj I 0 036) (< - 0-0024), »s^&re 6 and. t are 


♦ Worl^^QWer. 1924, vol. 1, p. 91. 
t ElcctncUn, 18M,^ol. 29, p, 87. 
i im., 1905, V^. 56, p. 4^68. 
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the breadth and thickness r&pectively, fnd K has the 
following values^ 


Length .. 

2 in. 

2*5 in. 

S in. 

3*5 in. 

^4 in. 

K .. 

30 000 

26 600 

24 000 

21 700 

20 000 








According to Preece^s formula a No. 18 S.W.G. 
aluminium wire in ^ would have a minimum fusing 
current of 60 amperes, and according to the above 
formula an aluminium plate fuse having the same 


sectional area as the 18 S.W.G. wire (ie. 6 = 0’16 in* 
and'^i = 0*’012b in.), would have a minimiiih fusjjlg 
current of 63*6 amps. 

A f 

9 

APPENDIX 2. 

Standardization. 

In the interests of users, efforts have been made 
both here and abroad to standardize fusible cut-outs 
of various t 5 ^es, and Table 3 shows very broadly a 
comp^ison between some of the most important 
clauses in the regulations. 


Table 3. 


Authority 



Permissible temperature- 
rise 

other features 

A 

1-4 to 1-6 

10 000 amps. 

70 deg. C.* 

To be non-interchangeable 

B 

1*3 to 2-0 

_ 

— 

— 


— 

1 000 amps. 

— 

To be non-interchangeable 

D 

16 to 1-2 

— 

— 

To be non-interchangeable and 
fitted with indicator 

E 

1*3 

600 amps. 

— 

F 

2 

33 times normal f 

330 times normal j 

30 deg. C. 


G 

2 

Up to 6 500 amps. 

30 deg. C. 

— 

H 

2 

Up to 6 600 amps. 

30 deg. C. 



A National Electric Code of America. 

B — Union des Syndicats de rElectricit6. 

C = Verband Deutscher Elektrotechniker. 

D = Regies, de normalization pour le gros appareillage 61ectrique arr6t4es par la Chambre Syndicale des 
Ing6nieurs. 

E = Bulletin de I'Association Suisse des Electriciens. 

F = I.E.E, Regulations for the Electrical Equipment oS Ships (First Edition). 

G = I.E.E. Wiring Rules (Eighth Edition). •• 

H — British Standard Specification (No. 88) for Low-pressure Cut-outs. 

♦ At 110 per cent normal current. • t Ordinary duty. % Heavy duty 
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THE* DIRECTION-FINDING EQUIPMENT AT NITON AND CULLERCOATS.* 

By J. H. Reyner, B.Sc., Student. 


(Abstract of Paper read before the London 


Summary. ^ 

The Niton and Cnllercoats stations are the first to be 
equipped by the G.P.O. for a regular direction-finding servite. 
The apparatus, which is of the well-known Bellini-Tosi 
pattern, is briefly described and the methods employed in 
taking a bearing are discussed. 

The satisfactory installaticjn of the apparatus is followed 
by a calibration in co-operation with a ship. Experience 
shows that this is absolutely necessary, owing to errors 
introduced by objects in the vicinity of the station. The 
metliod is described in detail, and the error curves obtained 
are analysed with reference to the local conditions. 

The influence of neighbouring bodies on the error curve 
is investigated, and it is shown that the deviations obtained 
may be easpected to remain constant. Experience indicates 
that this is true, so that a station which at first sight appears 
to be poorly situated may be capable of providing a reliable 
service if suitable precautions are observed. 


Description of the Apparatus. 

The apparatus employed for direction-finding consists 
essentially of a suitably erected frame aerial on which 


Students* Section, 2Sth November^ 1924.) 

The equipment employed at Niton and Culler- 
coats stations is of the Bellini-ToSi pattern, in which 
the simple rotatable loop is replaced by a system of 
two. large loops erected accurately at right angles^ the 
rotation being effected electrically. 

The leads from the loops are connected to a radio¬ 
goniometer which comprises two field coils mutually at 
right angles, with a rotating search coil in the centre. 
An electric wave passing the aerial system induces 
currents in the loops, and these currents, passing round 
the appropriate field coils, set up magnetic fields in the 
goniometer. The resultant of these two fields (at right 
angles) can be shown to be fixed in direction ai^d to 
have the same orientation relative to the field coils as 
the electric wave has to the external loops. 

As the search coil is rotated, therefore, the signal 
strength will vary from a maximum to zero, the position 
of the zero depending on the direction from which the 
signal is coming, so that the final effect is the same as 
that of rotating one of the large loops. 

Tuner and receiver ,—^For reasons of simplicity of 
operation and accuracy of results, it is now customary 



the particulaS: ^station is received. The frame is rotate 
until the signal strength is zero or a minimum, at whic 
point 'the frame is at right angles to the direction ( 
propagation of the wave, i.e. the bearing of the statio] 

* 1 .! ^ Stadeab* was awarded by. the Council for this paper, and it 

Counca in such cases to publish the paper, In Ml or 
abstract, m the JourtuU, ^ , 


to employ a large search coil tightly coupleck to the 
field (jpils, the loops themselves being untuned. The 
search coil^circuit is tuned and loq^ly coupled to a 
circuit, w]^ch is also tuned, the voltage 
across thd condensftr^ bein^ applied to a seven-valve 
hig^-frequency amplifier, ^ which only three or four 
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valves are nonnally^ required. There are also two 
optional stages of note magnification. 



Due to main aerial (A) 



The middle points of the field, coils of the goniometer 
are connected to earth, as otherwise electromotive forces 
are introduced due to the action of the frames as 


aerials. Such E.M.F.*s are independent of the direction 
of the signal ami so lead to false bearings. Tile call¬ 
ing is effected through a tliree-position^ switch. In the 
first position, the frames as a, whole agt as an aerial. 
In the second, the aerial effect is cut out and the direction 
of the signal may be obtained with the goniometer. 
There are, however, two ^eroS 180® apart. In tlie 
third position, therefore, the frame and aerial effects are 
combined to give a minimum in direction which indicates 
tlie true bearing. 

To avoid “ direct pick-up, all the various units are 
screeised. For further details of this system reference 
rr^y be made to a work by R. Keen.* 

I . . . • 

Method of Taking a Be.a.ring. 

To take a. bearing the approximate zeros are noted, 
and the ** sense ” of the bearing is determined. The 
actual zero points axe then obtained by taking small 
swings on either side of the minimuni, noting the readings 
at which the signals are of equal strength. The mean 
of the ivro readings gives the actual zero. This method 
is adopted because the zero itself is indeterminate over 
2 or 3 degrees. 

In addition to the true bearing, the reciprocal is also 
observed^ and 180® added or subtracted as required. 
These two bearings, which form a pair, should agree, 
and as many pairs as possible are taken in the time avail¬ 
able (usually one minute). If the bearings in a pair 
do not agree it indicates that some aerial effect is present, 
so that the bearing obtained is not correct. A dis- 

♦ E. Keen : ‘‘ Radio Direction and Position Finding.’* 
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crepancy of 2® is permitted ; if the difference is greater, 
^^bearAg is repeated. The main aeriail of the station 
is disconnected 4uring the taking of a hewing, as other¬ 
wise all bearings are found to be in the plane of the 

aerial. . ’ 

• • 

# Ci^LIBIJATION. 

. .The apparatus, when installed, must be calibrated. 
The goniometer is adjusted approximately by taking 
bearings on known fixed stations, but it is necessary 
to employ a ship to steam over the effective arc, sending 
signals every few degrees. • 

The actual bearing at these points is determined Ij/ 
visual observation with a theodolite, and the error can 
thus be plotted. The curves usually contain unexpected 
irregularities, indicating that a calibration of this sort 
is essential. 

Analysis of Results. 

The Niton error curve is shown in Fig. 1. Three runs 
were made over the. arc, and these are in reasonable 
agreement (allowing for operation errors). A mean 
curve is drawn through the three. 

The sector 86® to 115® is classed as unreliable, the 
deviations from the mean curve being too large. The 
curve itself is also too steep ; e.g. at 111® an operation 
error of I*® would make a difference of 2® in the true 
bearing. The coast line at Niton makes angles of 86® 
and 310®, so that this is probably due to coast effect, it 
being well known that bearings within 20® of the coast 
line are unreliable. The sector 55® to 86® is again 
reliable, but there is a permanent error due to coast 
refraction. 

Referring next to the irregularities on the curve, 
these can be shown to be due to objects in the vicinity. 
Fig, 2 (a) shows the surroundings of the Niton station, 
th^e being several masses of metal quite close to the 
aerial system. These objects have currents induced 
in them, which set up secondary radiations combining 
with the main radiation and tending to distort* all t]ie 
bearings* in that region into the plane of the metallic 
mass. Thus the main aerial, even though disconnected, 
tends to distort all bearings into its own plane (here 180®), 
giving rise to an error curve as at A in Fig. 2 (6). This 
curve id the principal error and is termed a “ quadrantal ” 


error, being alternately pSsitive and negative in Ihe 
four quadrants. 

Next, theflagstaffs at 216® and 236® distort the bearings 
into these planes, e.g. 213® will appear slightly'mbre, 
and 217® slightly less. This effect is only apparent on 
bearings from the south-west, and gives rise to two small 
curves B and C in Fig. 2 (6). Finally the iron bridge, 
though behind the station, will distort bearings from 
the south-east into the plane 320® (140^), as shown in 
curve D. Since the bridge is behind the station, curve I> 
is reversed compared with B an(^ C. The sum of all 
these effects will be seen to resemlSle the actual curve 
very closely over the sector 116° to 260®. 

The error curve for Cullercoats is shown in Fig. 3. 
It will be seen to be composed of a quadrantal enror, cdue 
to the main aerial as before, with three deviations super¬ 
posed. The curve is thus of the sanie form as at Niton, 
and could be built up in the same way. 

If this explanation of the deviations is correct, the 
error curves may be expected to remain constant; and 
experience indicates that this is the case, so that these 
calibrations may be considered to be reliable. As an 
additional precaution, however, they are periodically 
re-checked. ^ 

Conclusions. 

The following conclusions may be drawn :— 

(1) It is essential to calibrate a new direction-finding 

station over the whole of the effective arc, 
which extends up to 20° from the coast line.' 
Check-bearings on fixed stations are only useful 
for preliminary adjustments. 

(2) The error curves usually take the form of a quad¬ 

rantal error due to the main aerial of the station, 
with minor deviations occasioned by any metal¬ 
lic masses in the vicinity. 

(3) The deviations appear to be caused by re-radiatioii 

from the various objects, such re-radiation being 
, in a direction tending to distort the bearings 

into the plane of the interfering objects. 

In conclusion, the author wishes to express his thanks 
to the Pest Office authorities for permission to publish 
the information given in the paper, and to those of his 
colleagues who have assisted in the analysis thereof. 
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ECONOMICS AND INDUSTRIAL ELECTRIFICATION.*- 

By A. Tustik, M.Sc., Student. 

(Paper read before the North-Western Sttobnts’ Section, 11/A November, 1024.) 


Summary* 

This paper attemp-ts to define exactly at -what we should 
aim. in a policy of power supply, and discusses how we may 
decide which among the many alternatives will best achieve 
.this%in^ 

In this connection it is found necessary to discuss :— 

• (1) The degree of dependence of our foreign trade upon 
cheap power. 

(2) The implications of the ordinary methods of comparing 
the economy of various schemes. 

lines of investigation are suggested by which the best 
policy may be selected, and the methods of charging for power 
which it would be desirable to adopt are discussed. 


' Power Supply. 

Cdmparative estimates for power proposals .—It is 
d^irable before discussing alternatives of policy to 
s^te very clearly at what result the policy aims, so that 
a standard will be available by'which the alternatives 
may be compared. 

This is neglected by writers on power supply, who 
usually stress beyond proportion some particular alleged 
benefit expected to follow the application of their pro¬ 
posals, for example the conservation of our coal resources, 
or the making of nitrates within the Empire. More 
<sommonly -they are content to prove that their proposals 
would enable power to be generated at a lower cost 
per unit than at present, and they assume that every 
one will agree -that this is a desirable -thing. . * 

Power costs and foreign trade .—The universal argu¬ 
ment advanced in support of cheap power is ’ that it 
would enable us to compete ‘With more success in "the 
marke-ts of -the world. It is wor-th while to' examine 
this argument, and to state cle|n:ly that— 

.(1) Whatever our costs of production, we shall always 
be only just able to compete abroad. 

(2) The increase in the standard of living which a 
power scheme would make possible would be 
extremely small. 

To establish these most important points it is neces¬ 
sary to outline certain principles df forei^ trade. 

The er^^or which it is important to avoid is the assump- 
•tion -that because a country, say Russia, can manufac¬ 
ture, say,‘*iron goods Inore cheaply than England, then 
it -will te impossible for Englaiyi to supply th^world^s 
markets in the face of. Russian competition. This is 
not nec^sarUy -true. Leaving out all -the compjica-tion 
of other counixi^ and products, let us suppose -Srat 

♦ A Students’ Premium-.■wa$ awarded by tfi(^Council for ^is paper, and 
it is the practi<» of the Council in si|ch cases tc^ublish the papea, m full or 
id abstract, in die_ 

VOL. 63. 


Russia also produces wheat, and produces it not oniy 
cheaper than the same quantity could be grown in 
England, but also proportionately cheaper that Russian 
ifon (by “ cheaper being meant at less expenditure 
of labour and capital," not cheaper in the mone-tary 
sense, since, owing to goods in Russia being priced 
in roubles and goods in England in sterling, which of 
the two is the cheaper in money depends entirely upop 
the rate of exchange). 

Suppose now, as at first seems probable, English 
merchants purchased bo-th iron and wheat in Russia. The 
result would be that English money would accumulate 
in Russia, where it is useless unless it is used to purchase 
goods in England. The level of value of English money 
in Russia would -therefore fall. As it fell it would first 
pas^ -the limit where iron ceases to be cheaper to buy in 
Russia than in England. A little farther on it would 
become profitable to buy iron in England, and sell it 
to Russia. The conditions for a steady mutual trade 
would now exist, and it will be seen that— 

(а) England would make iron goods and exchange 

them for Russian wheat. 

(б) The maximum real economy is secured in this way. 

(c) There exists some ratio of monetary exchange at 

which merchants on both sides could make' a 
profit. 

If the currency were gold instead of notes the above 
argument would s-till hold good, only, instead of "the 
ratio of exchange altering, the price levels of the two 
countries would move oppositely under the influence 
of gold payments and exactly the same result would 

be obtained. > - . 

The above fictitious example is . not intended to be 
more -than a sort of mental diagram, which may^convey 
-this important idea to -those to whom it is‘not alrea.dy 
familiar. It is an example of a general principle which 
apf>lies -throughout the most elaborate processes of^ 

exchange. . . , 

This country is destined to an industrial development 
* growing more dense rather than tess dense, not only 
because it is fairly well suited to manufacturing, but^ 
also, and more ^ignifican-tly,. because it is rela-tively^ 
unsuited for anything else. We shall be able to compete 
abroad not b^ause we have cheap power, which is a 
matter, but because we can neither decrease the 
population of -these islands nor transfer our Huge fixed 
capital abroad. The logic of events will reduce our 
standard of living un-fcil we just do coftipete, and -the 
irrational optimism of human nature will to see to. 
it tlfat we just do not. A fluctuatiUg .equilibrium will 
be attained, and it must always seem, as if seems to-day,, 
that only a. li-ttle extra is needed to -turn the scale, 
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that 6 per cent off this or that would establish our 
nu^kets f^n a firm basis. It is- like watching the lap of 
the'waves and forgetting the tides. 

So far as powesr is concerned the author contends that, 
if all our coal'were destroyed to-morrow, we should 
import 'Coal and perhaps electrical energy and develop 
ve«py expensive water a^d tidal power, and apart from 
temporary disorganization we should carry on in the 
long run with very little change in our standard of 
living. It follows that cheap power has practically no 
effect on our ability to compete in the world^s markets, 
and also that we need give no thought to the p^sible 
exhaustion of our 600 years' supply of coal. 

The change in our standard of living which a scheiSe 
of electrification would make possible would be equal 
to the proportion of the cost of production of our whole 
national output which it saved. This would be ex¬ 
tremely small. To get the subject into focus let us 
consider a few approximate figures. The present cost 
of production of the whole annual products of the 
United Kingdom is greater than £3 000 000 000. The 
annual cost of the coal used for power production taken 
at £1 per ton is about £80 000 000, or 2-6 per cent of 
the costs of production for the country. The cost of 
the coal used in generating electricity in power stations 
is about £7 000 000, or 0-23 per cent of the costs of 
production. 

Figures for the individual industries entirely confirm 
these averages. The largest industry is agriculture, 
where the cost of power is negligible. For coal mining, 
where the waste of coal in steam-raising is notorious, 
and where the fuel actually burned is often of low grade, 
only 17 million tons are burned in producing 270 million 
tons. The fuel cost is therefore necessarily less than 
17/270, i.e. 6 • 3 per cent of the cost of production. 

In the textile industry the following are the approxi¬ 
mate figures, which are based upon official averages 
for the trade :— 

Mule spinning ,—In a typical mill the cost of coal is 
4-9 per cent of the cost of production, excluding the 
cost of r^tw material and commercial charges. • 

Ring spinning ,—^The percentage is slightly less. 

For the whole textile industry the coal used per head 
is about 8 tons per employee per annum. 

For ^ typical electrical engineering factory about 
6 toqs of doal per employee in the works (excluding 
offices) are used per annum. This includes coal for all 
^purposes, heating, lighting, cooking, and forge fifes. 
^ This represents'about 4*6 per cent of the cost of produc¬ 
tion, excluding raw material. 

Electrification could save only on fuel costs, and part 
of-the saving would be offset by the l:apital outlay, and 
^ it is therefore cle^'that a saving of a small part of 5 per 
cent only is all -^at can be hoped for at the best from 
power reform. Those prophets who base their hopes 
of prosperous times upon improved power supply will 
therefore* be disappointed. All saving, however, is 
good, and though the proportion is small the total 
is large. 

Power supply Setting aside therefore baseless 

hopes and ill-considered standards, we may ^It the 
question ** What are we really aiming at in a scheme 
pi power supply, and how can the merits of the many 


alternatives be compared i " Etectrification is, after 
all, only a method of indirect production, and must 
only be employed when it is the method of production 
most fruitful of value. It is hard to see why there is 
a cry f<y cheaper power, and not for cheaper machinery 
or lower railway rates. Just as no one would suggest 
huge and costly developments of machinery manufac¬ 
ture in order to produce cheaper machinery, so any 
artificial treatment of power productiQ^n must avoid 
diverting resources to development which may not be 
in the general interests of the nation. 

We must admit that the standax^rof living of a pebple 
cannot be greater than that of the rest of the world 
unless they have greater resources, or handle their 
limited resources with greater skill. The author eels 
that this people can only avoid a very pnprosperbus 
half-century by the absolute elimination of waste, not 
only of power but of every value, and by the deliberate 
adoption of a policy of insisting with the utmost 
realism upon those forms of effort and development 
which will give the greatest return of real human value 
for effort involved. This is what we mean by real 
economy, aiid our aim in power policy is to secure the 
maximum economy in tliis sense, that it should rscon- 
tribute to the maximum to the real human value which 
our national effort can secure. 

No one is likely to dispute that in course of time our 
power supply system must be developed on the gener^ 
lines of larger stations, defined districts, and interconnec¬ 
tion of supply. At the same time, there are widely 
different possibilities with regard to the rate of . develop¬ 
ment and the ultimate intensity, with a view to which 
the lines of present development are to be decided. 
Some more exact definition of our requirements is 
therefore needed. . The cheapening of the cost of power 
per unit which is advocated would usually apply only 
to an increased production and consumption of electrical 
power. Visualizing a more and more intensive electrifica¬ 
tion, it is clear that the cost of energy would progressively 
•decrease, though, after a certain stage, only slowly. 

, The amount of electrical power which industry will 
use is a function of its price. The lower the price the 
more will be used, biit not tp an indefinitely large amount. 
Clearly, then, if electrification is to be extended the basic 
question is : '' Which falls the more quickly as electrifi- 
ca^on is increased, tlJe cost of generation or the price 
at which industry will take the increased quantity ? " 
At some point there is a limit, which corresponds to the 
ordinary commercial limit, beyond which electrification 
does not pay." •This limit may be very different 
from that which would be thought of if one set out 
merely to produce a scheme which would give cheap 
powef. There must jDe a prop^ comparison of cost 
and return so that the limit beyond which electrical 
development does not " pay" may be*' fcTJind. An 
important question about this 4init is whetli©r, when 
found, by analysis or experiment, it corresponds to the 
true be^ national polic^’, or whether public policy must 
with truer vision transcend this "wrangling pf'the 
marketplace" and deliberately use ]j,ationarresources 
to secure nStional advantages which 'ire'left out of the 
commercial balance^^eets. This question, of bourse, 
verges 6n politics, but*politfidal argunjient will not answdr 
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it. It is a technical pr?)bleni wid depends for its answer 
upon a consideraticp of how costs are arrived at, just 
what realities they include and what they omit. 

For this reason, and to attempt to clea^ up certain 
dif&culties in tiie use of comparative estimates in every¬ 
day practice, in the next section an analysis is given 
of the way in which costs and values are compared. 

The Corre<^t Measurement of Comparative 
Economy, 

It has been agreed t]j;.at real economy is the return in 
human value for effort involved. Since in ultimate 
analysis both value and effort are matters of individual 
feeling and not of reason, true economy can never be 
logically defined except with explicit reference to the 
will of the people. Economy, arid even comparative 
economy, are not constant—they are in their nature 
elusive and indefinable things, matters of taste. The 
ordinary commercial standard of economy, that of 
profit, the difference between cost and value, has the 
great merit that it does reflect in some way this popular 
valuation, which is simply demand and supply. Because 
of this the author thinks that cost and commercial 
value will always be important and useful measures of 
economy, but it will be necessary to find out just what. 
the implications of tliis standard are, and how far the 
judgments of value which its adoption implies are really 
thos» which would be cbnsciously endorsed by the 
community. That commercial estimates omit many 
things will be obvious, but as a small concrete example 
we might take air pollution. Smoke costs London 
annually £17 000 000, and England £200 000 000, and 
these sums enter into no comparative estimate and 
appear on no balance sheet. In public enterprises, such 
as power supply must necessarily be, such considerations 
are not without real significance. 

Qommercial comi>arativ.e estimates .—It will therefore 
be worth while to examine the way in which comparative 
estimates are usually made. The simplest t 3 ^e of 
economic problem is one which concerns material alone, 
like those in mathematical textbooks about making the 
largest possible tin can out of a sheet of tin. So Tong 
as we are dealing with material of one sort, say comparing 
one set of machinery with another, or comparing the 
economy of a large quantity of ch^p coal with a; less 
quantity of expensive coal, there is no doubt that wai 
can safely, compare their costs. Actually, however, we 
have also to find some basis to compare expenses of. 
different kinds. For example, the whole question of 
power development concerns a prop&al to expend a 
great amount of work upon power stations in order to 
save continual work upon coal mining. 

We are really making two compamsons here. In fiie 
first place we are comparing work done on power 
stations witfi wOrk done in coal mining, and we compare 
the money costs of both.* Bo we reaUy believe that the 
relative desirability of diverting jpeople toward^ the 
labour of paining rather than the labour of engineering 
is exactly measured by the relative lownCss of miners’ 
wages ? ^ • 

In the second pace we are comparing work done novf 
with continual work done in^e future. This 4s,v§ry 
simply done in current discussfons ty the adoption of. 


the money costs of both and the reduction qf capit^ 
costs*to an annual cost by the use of the rate of mtere&t. 
Apart from the fact that the real rate of interest referred 
to standard securities fluctuates* widely ajad can seldom 
be measured by 5 per cent, .can we really be satisfied 
that this method gives a true standard of comparison ? ^ 

Furthei*inore, development' of •capital can only be 
made at the expense of current consumption. During * 
the active phases of the industrial revolution the 
people of this country had not enough to eat, whilst 
himdreds of millions of potmds were being simk in 
building factories and railways; but no doubt the 
desyability of so diverting current consumption to 
capitalization was measured, if not by 6 per cent then 
by some equally haphazard figure. Equally there are 
periods when our productive machinery and labour are 
half idle and it is still thought public policy to calculate 
on this 6 per cent before setting them to public work. 

It would therefore seem that (1) for public enterprises 
considerations of public policy should not take too 
much account of this 6 per cent, and that (2) private 
enterprises might pay some attention to the actual 
rate of real interest which will probably hold during 
the life of the plant, including all changes in price-levels. 

If the private enterpriser thinks that this and similar 
points are not sound finance, one can only add that 
by neglecting them he forgoes enterprises which would 
have yielded him more profit than he otherwise gets, 
and he accepts obligations which yield him less profit, 
neither of which is part of the function of an efficient 
private enterprise. 

Kelvin’s Law. 

Among the problems which involve the rate of interest 
the best known are those of the type of Kelvin’s law for 
the economical size of a conductor. It is well known 
because it admits of a simple mathematical solution, 
the answer being that the size is correct when the 
annual cost of the conductor (as measured by the rate 
*of interest multiplied by the first cost) is equal to the 
annual cost of the energy lost in it. It is rare th^t the 
conditions are so simple that a mathematical solution 
can be found to problems in engineering econemics. 
Even Kelvin’s law is not quite true as it assum^ a 
straight-line relationship between the cost and the 
copper section ; and it neglects voltage-drop and heating 
limits^ Such problems are invariably solved by com¬ 
parative estimates with a series of variatioais, and the 
result is, of course, that we choose f^hat the right 
arffewer would have been if we had taken every condition 
into account and ha^ been able to solve the resulting . 
equations. The value of Kelvin’s law is chiefly mental. 
To have once becomS really aware of this^ype of argu¬ 
ment greatly helps one’s understanding. By acquiring 
a sort of mental fiamework of such ideal problems we 
are able to think more clearly and with greater eaee 
about actual problems. In practical application the 
author would rather .invert the emphasis 6n Kelvin’s 
law and say that it does not show the iinportance. of 
selecting the cable of economical section, but rather its 
unimportance; since it shows that for even a large' 
variatioij from the most economical size the increase 
in cost tends to be counterbalanced by the saving of 
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i.e. the curve of tptal annual cost is ^very 
flJit-bottomed. . • 

Depreciation. 

Since everything tends .to deteriorate in the course 
Qf time, it is necessary in comparing economy to allow 
for depreciation. Money may always be invested in 
standard securities, where it will earn a certain rate of 
interest. If the alternative presents itself of investing 
the sum in plant, it is clearly wrong to say that the 
money should be invested in plant if it will earn as 
much as or more than the income which it woiilld earn 
if invested in securities, because after, say, 26 years 
the plant will be worn out but the securities will still 
have their full value. Tc^ £nd when the two invest¬ 
ments become of equal value is simply a matter of 
arithmetic. It is simply required to find what annual 
return lasting 26 years only is an adequate return for 
the complete abandonment of a sum of money for ever. 
This neglects any value of the going concern as 
giving a value to the opportunity of replacement. 
Exactly the same answer of course would be obtained 
if the problem were put the other way round, i.e. " It 
is required to find the present value of this particular 
income which lasts for 25 years.** In fact the latter 
is a better way to put it, because it allows for the fact 
that the income may be spread unevenly over the 26 
years. It would in this case still be possible to calculate 
its equivalent present value, and to say that this value 
is equal to the maximum capital expense which such a 
prospect of income would justify. 

The necessary " ratio of interest and depreciation ** 
for various " lives ** at various rates of interest are easily 
calculated, but as they are given in tables for the 
present value of terminable annuities this saves the 
trouble of calculating them. It is worth while calling 
attention to the fact that the choice jof the right deprecia¬ 
tion rate is exactly of the same degree of importance 
in comparative estimates as the right estimation of the^ 
capital cost. To estimate capital outlay minutely and 
then be uncertain as to whether to use 8 per cent or 
12 per cent as a correct interest factor is illogical, 
becailfee 12’per cent taken instead of 8 per cent is exactly 
equivalent to and indistinguishable from an increase 
oi the.capital cost by 60 per cent. The following table 
will give an idea of how the right figure varies. 


Years of life ^ 

Percentage rate 

Interest and depredation, 
percent 

• 


• 


10 

6 

12-9 



f4 

9-0 



6 

9-63 

16 


6 

• 10-3 



Iv. 

11-1 



r4 • 

7*36 



6 

8-02 

20 

■ 

6 

8-72 

- 


u 

9-46 

* 

. I 

u 

6*78 

30 

A 

17 

8-06 


• 

• 

*5 

‘ . 



Depreciation in occounHncy.-^hQ endless argument 
about the correct charging of depreciation in cost 
accounts has arisen from a failure to distinguish clearly 
the difiereni purposes which a depreciation charge is 
expected to meet. Since these severar purposes can 
only be correctly attained by quite different methods 
of charging, the confusion is understandable. 

Some of the requirements are :— 

(1) To maintain the balance sheet*' in a condition 

which shows the true state of the firm, or, as 

required, some other staffe^ 

(2) To provide a fimd for the replacement of the 

plant at the end of its life. 

(3) To give a guide to values in the case of sale, 

scrapping or replacement. 

(4) To arrive at true factory costs for selling. 

Further to these requirements, bookkeepers have 
added muddled ideas borrowed from the depreciation 
for comparison of economy described above, and the 
whole argument has been complicated by the curious 
popular .fallacy that the value of an article depends 
upon how much was paid for it and how much has been 
written off since. This discussion will not now be 
carried further, but it is inserted as a warning against 
attention being paid to the booklteepers* ideas of 
depreciation. 

Obsolescence .—^The power of a piece of apparatus to 
earn income, i.e. its value, may disappear, for other 
than physical reasons. It obviously does not matter 
how it disappears ; the depreciation charge must corre¬ 
spond to the probable duration of the earning power, 
and, if it does so, everything is allowed f6r. An obsoles¬ 
cence charge does not differ in principle from a deprecia¬ 
tion charge. Obsolescence is all depreciation which 
does not arise from the plant itself, but from outside 
causes. Such a charge is quite valiii and necessary in 
comparing economy. The fact that it cannot be deter¬ 
mined in advance for certain when a plant may lose 
its earning power is no reason for neglecting the 
possibility. The estimate should be based on the 
estimated probabilities. 

* An example of obsolescence is seen in a comparison 
of the use of gas engines as opposed to oil engines on 
oil fields, to utiilije the natural gas which is often 
Available. The supply of such gas very often falls off 
after some time, and on that account Diesel or steam 
engines are often installed from the beginning. There 
is no reason, however, why the judgment should not 
be helped by comparative estimates based on the prob¬ 
able duration of the gas supply, and this factor would 
be^ accurately taken care of by the appropriate higher 
depreciation rate eorresponding to the short probable 
useful life of the gas engines. 

An interesting cause of " obsolescendfe *'^is technical 
progress. Commercially it is •obvious th&t the chance 
of a^ew competiti^ process springing up iS a chance 
that any plant may lose its value. It is ,a striking 
paradox that a discovery that enriches mankind as a 
whSe ai^omatically destroys the mLije of the property 
^f certain persons.^ 

In^ cbnnection 't^jth po;jvet supply, due consideration 
^should be given to th^ quite considerable. probability 
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that technical advances will be made during the next 
decade or two which will render our present generating 
practice obsolete; one thinks in this C(#iinection of 
super pressures, gas turbines, low-temperature carlSoniza- 
tion, cheaper transmission, or even new sources of 
energy. Perhaps electricity will become a by-product, 
and in this case its price may fall to any low value. 
Are we certain that any line of development we adopt 
to-day will still be the right line of development in 
20 years* time ? Technical progress was never so rapid 
as it is to-day. AJl these possibilities are properly 
taken into account by allowing a rate of depreciation 
which^includes for " probable obsolescence ** and loads 
^e balance against all proposals to sink large values 
in premature development. 

The Accountancy of Real Values. 

The foregoing discussion of the usual methods of 
making commercial comparisons has shown that they 
can only go part of the way towards making the real 
economy as large as possible, because there are very 
many facts which are left out of account altogether. 
In the* public supply of electricity, policy cannot be 
determined without an implicit decision upon this 
preliminary question of how far the ordinary commercial 
standards of profitableness must bind public policy. 
The question now at issue is whether the Government 
must of necessity either not touch financial matters or, 
if it does, be bound by the same necessity of showing 
a monetary return for all its monetary expenses and 
investment as binds a private firm. This suggests 
possible functions of the Government quite distinct 
from those functions, which all will admit, of co-ordina¬ 
tion, certain legislative control, the prevention of 
monopoly exploitation, and constructive guidance. 

To be able to answer such questions is a great need 
of our times, and the author feels sure that the appropriate 
analysis and an accountancy of real values will be built 
up in the future. He suggests that, failing this more 
complete anal 3 ^is, rigorous estimates on the line§ of 
commercial estimates must be made and must bind 
decisions, but that it is permissible for, and indeed a 
function of, the Government to include in these estimates 
a monetary equivalent of national values, or of national 
disadvantages, which would not enter into the determina- * 
tion of policy if left to‘ private enterprise. Hence 
Government enterprises need not ''pay** on a cash 
b^is, but they 'must pay on a basis of the accountancy 
of national values. The chief value of the commercial 
system is that it provides automatic adjustments and 
dhecks, but there is no season why its advantages should 
not be retained in national entei^prise by proper 
accountancy.^ There is no real reason why charges 
should be equal ^o the actual cash paid. The function 
of such accountancy is that of a scoring^ board in a 
game. It Is important that the ceal " values **^be 
marked up mdependently of what it may be convenient 
or nec^saiy to pay in cash. For example, unpleasant 
trades might be dieciepraged by a higher " wa|fB ** for 
purposes of this Scoiiqg-board accoi*htancy, wi^out 
nec^itating aip^ paymnqjfc of;Agher wages^ifi 
that trad^;'' This is of course^^^d^ except in * 

communal enterprises, * • * 


Apart from tffese deliberate and defined departure 
from commercial economy, it seems to the author that 
the ordinary commercial limife must •he rigorously 
adhered to, because to cut adrift from them leaves us 
without any anchorage at all,, freq to follow some ideal 
wherever it may lead, which is only all right so long. ^ 
as we leave nothing out of account, and in the world of 
ideas it is easy to leave out some factor which would 
have been unpleasantly obvious in a balance sheet 
and which the " wrangling of the market place *' would 
not have neglected. 

'Phe selling of energy ,—^The author has shown that 
producers of energy under any system must sell at such 
prices as will show no loss. A proposed system must 
justify itself by being able to build up its load soon 
enough to give a return on the capital invested. The 
reduction of the income expected during the life of the 
plant to an equivalent present value would be carried 
out on the lines already indicated. This income would 
probably be distributed very unevenly throughout the 
life of tile plant. The return for the first several years 
of tlie inauguration of a scheme of power reorganization 
might economically be negative in some cases, that is, 
it might be economical to sell energy below net cost. 
This does, not mean that it should be sold only below 
gross cost, which is, of course, a commonly accepted 
principle, for if a new supply S 3 rstem would be otherwise 
underloaded it obviously pays to accept load at a price 
which only includes the fuel and labour charges depen¬ 
dent upon this extra load, and not the interest, rent, 
taxes, etc., which have to be paid in any case, provided 
that the load otherwise could not be obtained. This, 
however, is selling at real cost so far as these extra 
units go, not below cost. 

In an exactly similar way it might pay in some cases 
to sell some power below the apparent net extra cost 
of producing these units. This is because as we consider 
a serias of schemes of progressively more intensive 
electrification the efficiency will in every way be progres¬ 
sively higher, and with each imaginary addition to the 
output the cost of production of all the units generated . 
may be imagined to fall slightly. Hence tlie additional 
cost of generating additional units is really less thftn 
tlie cost taken at the average for the station, i.e. we ara 
concerned with marginal cost, which is in this case 
below ithe average cost. It is debatable whether a 
power supply undertaking could economic^ly make still 
fur^er cuts in price over a.period of years for the 
purpose of building up load. This question is of some 
importance in view of the developed nature of the 
industries of this country, which will make all those 
processes of conversion based upon normal power prices 
extremely slow. An artificial " dumping ** of energy 
in a defined area to new customers for a limited period 
suffiicient to encourage immediate conversion to electric 
drive in a large number of factories would teqfi^to raise 
the load at once, and bring into line those conversions 
which otherwise would have been scattered over a long . 
period, ti the employment of this device woujd make . 
possible iffie installation of a power system which 
would otiierwise have been impossible, the author sees 
no reason in economics, law, equity of pubhc policy, 
why it should not^be deliberately emjployed. Without 
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jffuch a device, in cases where plant is replaced piecemeal 
as elements wear out, it seems possible that a technically 
out-of-date plant might have its existence indefinitely 
prolonged without a complete reorganization ever 
appearing profitable. « 

Methods of chargi'ttg. —In general there are available 
'two quite Afferent systems upon whicli the charges 
'of a monopoly undertaking may be based. The first 
is that of cost plus profit, '' cost of course taking into 
account load and power factors and all the circum¬ 
stances of supply. The other is called by two aKemative 
titles, according as the speaker is a supplier or a^jCon- . 
sumer. The supplier calls it " Selling at the value of 
the service,'* the consumer Charging the maximum 
monopoly revenue.** Economists sometimes call it 
** Charging what the traffic will bear.** The author has 
assumed in the above discussion that this is the principle 
which will and should be adopted in selling electrical 
energy, and the reasons for this will now be given. 

Selling at monopoly prices, —That the public interest 
may best be served by a public supplier charging as 
much as he can get is only true if his receipts are not 
spent upon private diversion, but used to enable a 
corresponding amount of product, which would other¬ 
wise not be produced, to be sold below apparent cost. 
This argument is therefore no defence of private monopoly 
without restriction. 

An attempt will be made to justify the statement 
that on the average a public supplier should sell at 
cost, but that for the separate parts of his production 
he should sell for the maximum he can get. In all 
cases of joint supply, of which electricity supply is an 
example, tliere is really no such thing as a cost for each 
particular part of the output. There is a cost of raising 
sheep, for example, but no separate costs of producing 
wool and mutton respectively. If the demand for 
mutton were low enough (as in Australia before refrigera¬ 
tion) one might have to pay a man to bury il;, yet it 
would still be produced, and if a penny a poun^l coulcl 
be obtained for it it would be sold ** profitably ** at 
that price. No one would contend that in a theatre 
each seat in the stalls really costs, to install and rrlaintain, 
si^ times as much as a seat in the gallery. On the 
average all the seats in a theatre together just about 
pay tlie expenses of running. If all the seats were < 
charged at this average price the theatre would be less 
used, as tSiose who use the cheap seats would not be 
likely to pa/ much extra for the chance of getting a 
front seat. Ths running of that theatre would therefore 
be impossible, and all those (Who previously got an 
entertainment worth more to them than the amount 
they paid (otherwise they woula not have come) must 
now be without that opportunity. In this case, then, 
charging what the service will bear seems socially justifi¬ 
able. „ Half a power S 3 rstem is economically very like 
half a Jheatre. It is worth while putting in a gallery 
and changing less than apparent cost. It is right to 
charge stall-holders the maximum they can be made to 
pay in order to enable this to be done; and it would 
be manifestly unjust to charge as much for bad seats • 
as for good, because they cost the sme. The argument 
usually advanced against Ihis position is ^one which« 


mistakes its real intention. For ijjstance, it would be 
proposed to charge a very high rate for lighting in a 
select subuj^b, as these consumers would rather pay a 
high«rate than go without the amenities of electric 
light. It is then argued that the high prices for. lighting 
restrict its use below the natural econdmig level. This 
is obviously the reverse of the truth, for the whole aim 
of the rate is to be low enough (eveiv only just low 
enough) to secure that particular market, and lie extra 
income thus obtained may be used to exitend the sale 
of electric light below apparent s^ost in suburbs which 
are not select. The adoption of this policy might 
multiply the use of electric light to an indefinitely great 
extent if a large field were just upon the msugiif of use. 
The same principle of differential charging is used to 
fix railway charges, and though the strange apparent 
anomalies of railway rates are criticized by tliose who 
have most to pay, there is no doubt that they have 
made possible the development of our railway system. 

Superficially a system of charging what each consumer 
can be made to pay seems unjust. For example, a 
mill may have been electrified for some time. If tlie 
owners then find that on the occasion of powe^^ system 
extensions a neighbouring mill, to persuade it to make 
a change-over, is offered a very mucli lower tariff, they 
may ask for a reduction also. The fact is, however, 
that the real cost of electricity supplied to the jecond 
mill actually is very low as it is an extension of the 
existing system, and only on the basis of charging a low 
price and on no other S 3 rstem can the advantages of this 
real economy be made available to the nation. 

It is not necessary that the absolute maximum 
monopoly revenue should be sought from consumers 
who could ill afford to go without electricity, nor is it 
suggested that electricity should ever be supplied below 
the bare cost of generation for that particular demand, 
the special circumstances of a temporary low price 
already mentioned being allowed for. The real theoret¬ 
ical position seems to be that sales should be carried to 
tlie limit that is fixed by the marginal cost of production, 
and not the average cost of production, and by the 
marginal value of supply to the consumers, not the 
average value of supply. For consumers other than 
those at the margin the price should be low enough to 
induce and maintain the market, and the average price 
should be high enough to cover total inclusive costs. 
In short, while this paper suggests that though electrical 
development must justify itself on a basis of earning 
power, it is a€ the same time allowed the benefit of 
driving a bargain, in the knowledge tliat an industry 
will not pay for electricity more than the value of the 
tenefit which thajb industry obtains from it. This higher 
value of electricity in certain applications must be 
properly accounted on the " scoring bPoaiRi ** which the 
system of enlarging really , i^i and this ^.ccounting wiU, 
so far as it goes^ enable the true maximum of real 
v^ue to be obtained. ♦ 

^The adoption of such principles for char^g, together 
with -(jie inclusion in comparatiye estimates of those 
factors which market prices ne^eef, appears to be the 
bsuBis* needed a1t-?!he present timie in order to secure some 
agreement ^ong the%iany advocates of power reforiri. 
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International Conference on E.H.T. Lines. 

The Secreta^ has been requested to draw attention 
to the following Note which appeared in No. 346 
(October 1926) of the Journal 

It is proposed, s«6ject to there being a sufficient 
demand, to publish an English edition (in two volumes 
of about 1100 pages each) of the papers read at the 
International Conference on E.H.T. Lines held in Paris 
frortl the 16th to the 25th June, 1925. The volumes 
will also contain a report of the discussions. 

If the demand reaches 400 copies, the price will be 
£4 for the two volumes, but in the event of 800 copies 
being subscribed for, the price will be £2 10s. 

In order tliat an early decision may be arrived at as 
to whether to publish an English edition, those wishing 
to subscribe for copies are requested to inform without 
delays 

Monsieur Tribot Laspi:^re, 

Union des Syndicats de Tfilectricitfe, 

25, Boulevard Malesherbes, 

• Paris, 

of the number of copies they will require. 

A French edition of the papers and discussions will 
also be published, provided not less than 1 000 sets are 
subscribed for. The price will be 200 francs per set, 
but after the 1st November, 1925, thef price will be 
increased to 250 francs. Orders for the French edition 
should also be sent to M. Tribot Laspidre at the address 
given above. 

The Benevolent Fund. 

The following is a list of the Donations and Annual , 
Subscriptions received during the period 26 September- 


25 October, 1925:— 

£ s. d. 

Anonymous.* .. 26 

Felix-Smith, L. E. (Aucldand, N.Z.) .. 5 0 

Lee, T. F. (London) .. .. .. 10 0 

Longman, R. M. (Leeds) ... .. 10 (f 

Maquay, G. A. (Chicago). 10 0 

Pickersgill, A. (Cleckheaton) .. .. 5 b 

Round, H. J. (Chelmsford) .. .. • .. 5 0 0 

Shire, B. (Birmingham) .. .. .. 7 6* 

Walter, C. M. (Birmingham) .. ,. 110 

Western Centre . .. .. .. 22 2 • 8 


* Annual . Subscription. 

• • • 

Accessions to •the Lending Libraxy. 

Aitken, W. An outline of automatic telephon3Ji 

sm. 8vo. 143 pp. London, \ 
Andrews, E. S. The strength of materials. 2ni ed. 

• •• 8vo. 618 pp. Lcmdon,!^^ ; 
Annett, F. a., and Roe, A. C. Connecting and testing ,i 

direct-current machines.^« . * . * • • ; 

8vo. ^47 pp. New York, 19^ ‘ 


BALDWI^f, F. G. C. The histoi^ of the telephone m 
the United Kingdom, with a foreword by F. Gill,* 
8vo. 754 pp. London, 1925 
BxtA.YMER, D. H., and Roe, A. C. Rewinding small 
motors . , , fractional horsepower d.c. and a.c. 
mStors. 8vo. 261 pp. New York, 1925 

Broglie, M. de. X-rays. Translated by J. R. Clarke. 

8vo. 217 pp. London, [1925] 
Cady, F. E., and Dates, H. B., editors. Illuminating 
engineering. Prepared by a staff of specialists. 

8vo. 499 pp. New York, 1925 
CoLEBRooK, F. M. Alternating currents and transients 
treated by the rotating vector methods 

8vo. 205 pp. New York, 1925 
Connan, j. C. Electrical estimating for industrial 
lighting installations. 8vo. 214 pp. London, 1925 
Creighton, H. J. Principles and applications of 
electrochemistry, vol. 1, Principles, 

8vo. 456 pp. New York, 1924 
Croft, T. Circuit troubles and testing. 

8vo. 234 pp. New York, 1924 

-- Electrical-machinery erection. 

I 8vo. 323 pp. New York, 1925 

Eagle, A. A practical treatise on Fourier's theorem 
and harmonic analysis for physicists and engineers. 

8VO. 192 pp. London, 1925 
Fleming, J. A„ M,A„ D,Sc„ FM.S, Mercury-arc 
rectifiers and mercury-vapour lamps. 

sm. 8vo. 108 pp. London, 1926 
Gill, J. F., and Teago, F, J. Examples in electrical 
engineering. 2nd ed. 

sm. 8vo. 173 pp. London, 1923 

Haubmann, E. Dynamo electric machinery; the 

•theory, construction and operation of direct and 
alternating current machines. * 

8vo. 663 pp. London, 1925 

Hawkins, C. C, The dynamo : its theory, design and 

manufacture. 6th ed. vol. 3, Alternators. 

8vo. 590 pp. Lor9don,\^%ti 

Hazeltine, L. a. Electrical engineering. . 

• 8vo. 641 pp. New York, 1924 

Institute of Marine Engineers. Papears on interhal 
combustion engines [By various autltors]. Read and 
* discussed [1920]-1922. • 

• 8vo. 595 pp. London, n.d., 
Irwin, J. T. Oscillographs. On the theory, con¬ 
struction, and use of electro-magnetic, hot-wire, 
electrostaticjand cathode ray oscillographs, 

sm. 8vo. 176 pp. London, 1925 
Kurtz, E, Substation operation. 

8vo. 274 pp. New York, 1924 
Lodge, Sir O., D,Sc,, F,R,S, Talks atibut wireless, 
with some pioneering historv and some hints, and 
calculations for wireless ama-teirrs. 

sm. 8vo. 264 pp. Lofidon, [1925] 
LuckuI^h, M. Lighting fixtures and lighting effects. 

8vo. 343 ppn New York, 1926 " 
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WILLIAM ARNOT was bom in Glasgow in 1864 
and was educated at Hamilton Academy. began 
bis career as an engineer in 1880 when he came to 
London. From 1880 to 1892 he was in the employ¬ 
ment of various companies, including the London 
Electric Supply Corporation and the India Rubber, 
Gutta Percha and Telegraph Works Co., Ltd., at Silver- 
to^vn. In 1892 he was appointed the first engineer to 
the Electricity Department of the Glasgow Corporation, 
and he held that post until 1896. During this period 
the Electricity Department was under the control of a 
Sub-Committee of the Gas Department. The generat¬ 
ing station at Waterloo-street, Glasgow, was designed 
and equipped by Sir Alexander Kennedy, under the 
superintendence of Mr. Amot. As *the demand for 
electricity continued to grow Mr. Amot initiated and 
carried to fruition the policy whereby two large sites 
were acquired for new generating stations, one at 
Port Dundas on the north side of the River Clyde, 
and the other at St. Andrew’s Cross on the south side 
of the river. Port Dundas station ultimately con¬ 
tained 38 000 kW of plant, and St. Andrew’s Cross 
station 22 000 kW of plant. These two stations were 
gradually developed until they could accommodate 
no more plant, but they sufficed to meet the Glasgow 
demand until 1912, when the site of the Dalmarnock 
power station was acquired. Mr. Amot resigned his 
post as chief electrical engineer to the Glasgow Cor¬ 
poration in 1897, when he commenced business as a 
consulting engineer in Glasgow. He acted as corfeult- 
ing engineer to the Govan Corporation, for whonf he 
designed and equipped a complete undertaking, includ¬ 
ing a ^generating station with a plant capacity of 
4 000 kW, and all the underground mains and cables. 
He a&o carried out a large number of private installa- 
tions Itooughout England and Scotland, including 
Dunrobin Castle and Quaxrier’s Homes, Bridge of Weir, 
and his services were retained by the Town CoiAcils 
of Wick, Ler^c^, Brora and other towns in the north 
of Scotland. He ^Iso acted as consulting engineer iq. 
this country for the Rand Water Board, and carried 
Out a large amount of inspection work for them, both 
in Britain and on the Continent#^ Mr. Amot was 
one of the pioneers in connection with the electricity 
supply industry, and foresaw the main features of 
the ^development of the industry which have taken 
place. He was a man of even temper, and of a quiet 
and retiring ^^position, and he retained throughout 
his life the confidence and esteem not only of his large 
clientele but of his wide circle of friends in the industry 
He died in Glasgow on the 26th June, 1926. lie w^ 
elected a Member of the Institution in 1891. 

WfW. L. 


Sir william F. BARRETT, F.R.S., died on the 
26th May, 1926, in his 82nd yeaf,^and in him physical 
science has lost a devoted adherent and worker. He 
received his early education at the Old Traflord 
Grammar School, Manchester, and in 1803, \ilieit' only 
19 years of age, became assistant to the late Prof. 
Tyndall, Professor of Natural Philosophy in the Labo¬ 
ratories of the Royal Institution, Under this great 
master of science he must have received much stimu¬ 
lation of his natural taste of acquiring and increasing 
his scientific knowledge. In 1867 he was appointed 
assistant master at the International College, and was 
lecturer in physics at the Royal Scliool of Naval 
Architects until 1873. His chief life's work "vifas in 
connection with the Chair of Physics at the Royal 
College of Science, Dublin, which position ho filled 
with much distinction for no less than 37 years, that 
is until 1908. He carried out his work there 
great success, training many students of note. In 
1899 he was elected a Fellow of tlic Royal Society 
and was knighted in 1912. He was one of the founders 
of the Physical Society of London in 1874, and along 
with Guthrie was chiefly instrumental in organizing 
that body. He also collaborated with Guthrie in 
fostering the summer courses for science teachers 
which the Science and Art Department originated in 
1871. These courses were probably'the first attempt 
to introduce the S 3 rstematic teaching of practical 
physics and were attended by teachers from all parts 
of the country. He was a prominent member of tlie 
Royal Dublin Society, to which body he communicated 
several important papers, as he did also to the Royal 
Society and to the Institution. He was also a well- 
known figure at many of the meetings of the British 
Association, to whieffi body he contributed interesting 
p^ipers, and served on several of its committees. After 
his retirement in 1908 from the Chair of Physics at 
the Roy^ College of Science, Dublin, he still main¬ 
tained his interest in scientific matters, frequently 
attending meetings of the Royal Society and other 
bodies. 

The writer has been asked to communicate this brief 
appreciation of Sir,, WilHam Barrett’s life work, no 
doubt on account of his personal association with Sir 
William whilst research work was being torried out 
between the years 1896 and ,,1902. Regarding this 
work,^|^e writer can bear the fullest and most cordial 
testiinony to the gresfe interest, time, labour p,nd skill 
shown by the deceased scientist. 

Sir* William was e^reatly attractecj^ by the work of 
I^. G. Gore, F.R.^, who was prbbaibly the first to 
discover •the pecuk£: behaviour of various specimens 
of iron which sho'vCed detain critical points during 
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heating and cooling.. This led him to make further 
investigations and to his liiscovery of the peculiar 
behaviour and property, now termed recalescence/' 
in steel. It was largely due to these results that methods 
of examining various t 3 rpes of steel, each^more or less 
possessing its own idios]yacracies, by preparing Treating 
and cooling curves, were established. Between 1883 
and 1902 the writer was discovering and developing 
his various new alloys of iron with other elements, 
and amongst o^er prominent scientists of those times, 
including engineers, electricians, metallurgists, chemists 
and physicists, with* whom he came in contact and 
discussed his num^ous researches on alloys of iron 
with other elements, was Sir William, whose acquaint- 
ance*he first made in 1887. Sir William had a keen 
mind wfth a long and wide experience in carrying out 
experiments ’of a physical character, and he became 
intensely interested in the writer's many alloys of 
iron and carried out a large number of experiments 
on the magnetic, resistance, permeability and other 
electrical, properties of the manganese steel discovered 
and made by the writer. These physical experiments 
and the results were described by Sir William in three 
papers to the British Association and the Royal Dublin 
Sociely, read in 1886-9. Subsequently the writer 
supplied a large number of specially prepared small 
specimens of his various alloys of iron with carbon, 
chromium, nickel, tungsten, silicon, aluminium and 
other elements in order that Sir William might test 
them in a similar maimer. As a result. Sir William 
found that some of the alloys of iron and silicon, also 
of iron and aluminium, possessed valuable magnetic 
and electrical characteristics, including their low- 
hysteresis and high-resistance qualities. The results of 
such tests were described at length in joint papers by 
Sir William, Mr. (now Professor) W. Brown (who had 
assisted at the experiments) and the present writer, 
read before the Royal Dublin Society in 1899, 1902 
and 1904, and also before the Institution in 1902. 
The important practical results which some years ^ 
later were obtained and their service in the develop¬ 
ment of electrical equipment are too well known to. 
call for more detailed mention here, but afiord a 
striking instance of the value of co-ordination of the 
work of investigators in different branches of scientific 
research. • 

Sir William was elected an Associate of the InAi- 
tution in 1881 and a Member in 1891. For several 
years he served on the Committee of the Irish Centre, 
of which he was chairman in 1901-02. R. A. H. 

CHARLES ORME BASTIAN, eldest son of the late 
Dr. H. Charlton Bastian, F.R.S., was bom in J869 
and died on the 29th October, 1924. Very early in 
life he*derel 9 ped a taste for mechanical pursuits. He 
studied at University College, London, and specialized 
in electcical engineering. On leaving fhere he was for 
some tim§ with Messrs. Crompipon and Co., Ltd. He 
was subsequently connected, as a director, with the 
Bastian Meter Co., Ltd., from the time of the company's 
formation unti? retired in Sefftember 194.6 in br^er 
to devote more attention to th» development of his, 
numerous patents, partic%toxly •in connectioli •with 


electric radiators, ovens, water heaters, and the mercury- 
vapour lamp. He was the inventor of a thermal stor^e 
system in whi<^ a small electric current is allowed^o 
flow continuously, the hot water being stored in a lagged 
tank or cylinder. This S 3 rstem was developed in co¬ 
operation with lieut.-Commander F. J. ^Campbell Allen, 
of Messrs. Bastian and Allen, and shortly before he died 
Mr. Bastian was able to see th^ fruition of his labours 
in the large water-heating plant which he designed and 
installed in conjimction with that firm at Wick Lane 
Baths, Poplar, this plant being claimed to be the first 
successful one, on a large scale, in this country. He 
was effected a Member of the Institution in 1903. 

• F. J. C. A. 

HENRY BEVIS was bom in 1865 and died on the 
16th July, 1926. In 1884 he joined Mr. (now Sir) 
Hugo Hirst as assistant in the Electrical Apparatus 
Co., Ltd. In 1886 Mr. Hirst left the firm to join with 
Mr. G. B 3 mg in forming the General Electric Co., and 
Mr. Bevis continued to manage the Electrical Apparatus 
Co. In 1889, however, the company went into liquida¬ 
tion and Mr. Bevis then rejoined Mr. Hirst. He 
remained with him for 17 years, and in 1907 jomed 
the firm of Pirelli, Ltd., in this country, which was then 
closely allied with the General Electric Co. He later 
became managing director of Pirelli, Ltd., and of the 
PireUi-General Cable Works, Ltd., and held that position 
until 2j- years before his death. He took an active 
part in the inception and formation of the Electrical 
Trades Benevolent Institution and throughout his life^ 
took the keenest interest in its welfare. He was a 
fijrm believer in the value of the electrical exhibition 
and was always a popular and respected figure for his 
early efiEorts in this direction. In the early history of 
the General Electric Co, he made a tom: round the 
world and also visited the Continent and the United 
States very frequently. In his time he was one of 
the best-informed men on trade in the electrical 
indfistry both at home and abroad. H^ colleagues 
fl-Tnl employees will remember him as a man ol strong 
will and a forceful individuality in all matters of busi¬ 
ness, and they will also remember him as a staundi 
friend with many endearing and lovable qualities, and 
as a Tna-n with a big heart. He was elected a Member 
of the Institution in 1901. * 

GUSTAVUS FERDINAND BONNOR was borfi at 
Highbury on the 17th May, 1868, ^Chd was educated 
larst locally and then at Frankfdrt. He died very 
suddenly during business hours at Westminster, from 
heart trouble, on Friday, 6th March, 1926,. He served 
' ‘hifi apprenticeship wilh Messrs. Gwyrme's of Hammer¬ 
smith, later jo|aing a firm of electrical contractors, 
whose branch at Bray he managed for some years. 
He was then appointed electrical engineer‘to* the 
Bath Corporation, and in 1901 succeeded Mr. C. H- 
Wordingham as City Electrical Engineer Sit Maachesto. 
On relinquishing this post he became interested in 
several mining projects in North Wales, and subse¬ 
quently became chief engineer of the* East Kent 
Colheiy Co. During^ Ihe wax he was engaged on^ 
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GovernSaeat work in connection with the manufacture 
04 , munitions. Returning later to consulting work he 
demoted his energies to research in conifection with the 
production of cement from basic slag, and also designed 
and superintended the electrical equipment of several 
large sewage-disposal undertakings. A man of wide 
e3jperience and great abili^ in his profession^ he was 
an able mechanic and devoted much of his spare time 
to model making. Some examples of his skill in this 
direction have been presented to, and are now on view 
at, the South Kensington Museum. He joined the 
Institution as an Associate in 1890, and became a 
Member in 1897. During the war he changed his 
name by deed poll from Metzger, adopting that of His 
mother. F. P. 

WILLIAM WALTER BRADFIELD,. C.B.E., was 
the eldest son of William Bradfield, late of the General 
Post Office, and was bom in London on the 18th March, 
1879. He received his engineering education at Fins¬ 
bury Technical College, and in 1897 joined Marconi's 
Wireless Telegraph Co., Ltd., at that time called The 
Wireless Telegraph and Signal Co., Ltd., as assistant to 
Senatore Marconi, and was thus associated with Marconi 
wireless telegraphy almost from its inception. He 
was engaged in wireless demonstrations on Salisbury 
Plain in 1897, and assisted in the erection of the 
Needles (Isle of Wight) wireless station. In 1898 he 
conducted a wireless service between Ladywood Cot¬ 
tage, Osborne, and the royal yacht Osborne,'* when 
the late King Edward VII (then Prince of Wales) was 
confined to the yacht with an injured knee. In the 
same year Mr. Bradfield installed Marconi apparatus 
in the first British battleship to be equipped with 
wireless. He also had charge of a demonstration on 
board the U.S.A. battleship ** Massachusetts." In the 
following year he assisted in the installation of Marconi 
wireless apparatus on the Borkum Riff light vessel 
and Borkum lighthouse. In 1901 he had charge of a 
demonstration for the French Government, of wirdless 
working between Calvi (Corsica) and Antibes in the 
French Riviera. He was also responsible for the 
installation of the famous wireless stations at Siasconset 
(Nantudket Island) and on the Nantucket hght vessel. 

Bradfield was appointed chief engineer of the 
Marooni Wireless Telegraph Co. of America in 1902. 
During his tenure of this office he attended the 
second International Radio Telegraphic Conferdhce 
which met in BerUn in 1906, He returned to England 
in 1908 as deputy manager of Marconi's Wireless* 
Telejgraph Co., Ltd?, and of the Marconi International 
Marine Communication Co., Ltd., aShd in 1910 became 
manager of botfe companies. In 1917 he was elected 
to the board of directors of both companies. During 
the war he devoted his entire energies#to the support 
which the Marconi companies gave to the Services, 
and it was for this war service that he was appointed 
a Commander of the Order of the British Empire. 
For over a quarter of a century he was concerned with 
the^ development of wireless, particularly in connection 
wi^ shipping, and it may be fairly stated that he was 
largely responsible for the efficiency of maritime wireless 
,^ervices and the high standard jvhich they have now 


reached. In both business and Social life he revealed 
a character which gained for him iijpumerable friends. 
His delightful personality endeared him to both business 
friends and colleagues, and his death leaves a sense of 
more Ijjian usual loss in those with whom he was 
associated. He was elected a Student of the Institution 
in 1897, and a Member in 1920. He was also a Fellow 
of the Institute of Radio Engineers (America), and 
an Associate of the American Instituise of Electrical 
Engineers. He had been in failing health for some 
time before his death, but could not be persuaded to 
leave his work until the end of 1^2^, when he went to 
Switzerland for treatment; it was, however, too late, 
and he returned to London, where he died on the 
17th March, 1926. ^ G. 

JOHN DANIEL LOVE BRAD WELL was born on 
the 29th March, 1878, at Ashton, Lancashire, and died 
on the 19th August, 1925, at Solihull, near Birmingham. 
He was educated at Malvern College and Lausanne, 
Switzerland, and afterwards studied engineering at King's 
College, London, from 1896 to 1899. From there he 
went to Messrs. Ferranti, Ltd., as a pupil for two years, 
and stayed on with that firm for a further two years 
in their experimental department. He then obtained, 
in 1903, an appointment with Messrs. Willans and 
Robinson, Ltd., at Rugby, and was in charge of the 
electrical department of their testing shop. ^In 
November 1906 he left Rugby at the same time as 
Mr. E. A. Reynolds, who was also in the testing shop 
at Messrs. Willans and Robinson, and they commenced 
business at Birmingham in partnership, under the 
name of Reynolds and Bradwell, as electrical contrac¬ 
tors specializing in factory equipment. He remained a 
partner in that firm until his death. In 1918 he was 
elected to the Council of the Electrical Contractors' 
Association, but had to retire soon after owing to ill- 
health, and subsequently was unable to take much 
^active interest in business. He joined the Institution 
in 1903 as an Associate and was elected a Member 
in 1913. E. A. R. 

ELLIS HERBERT CRAPPER, M.Eng., was bom in 
Sheffield on the 24th June, 1861, and died at Rhos-on- 
Se^ on the 22nd March, 1926, during a temporary absence 
from his home. He leaves a widow and one daughter. 
He received his early education at the Central School, 
Sheffield, and later was a student under Dr. Hicks, 
F.R.S., at the Fifth College (now absorbed in the 
University of Sheffield). He also attended some of 
the special summer courses at the Royal College of 
Scieifbe, London. T]je whole of his subsequent career 
was spent in his native city. In early life he was 
a teacher at the Philadelphia Board Schdol,* from 
which he rose -Jp the position ©f Peripatetic Science 
Master under the old School Board. At the end of the 
year l989 he was apj^ointed assistant mastei; in the 
Junior Department of the Technical School (now 
absorbed it^the Uni^jprsity of Sheffield)^. "Three years 
later he was transferred to the SeniSr Department, as 
i^Lecturej: in Mathematics a^d Phyfeics, and after the 

lapse of about another ^^ar he became Lecturer in 
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Physics and ElectricSir Engineering. On the formation 
of the University^College he was appointed Lecturer in 
Electrical Engineering, and when the University was 
established in 1906 he became Senio^ Lecturer in 
Electrical J^gineering, a post which he held fi^r about 
12 years, during which period the best part of his 
scholastic work was accomplished. In February 1917 
his position was changed to that of Independent Lecturer 
in charge of -Nhe Electrical Engineering Department, a 
position which he occupied at the time of his death. 
He thus devoted th^ whole of his life to the cause of 
education, a pursuit which fitted him perfectly, and by 
his death in his sixty-fourth year the University, and 
especially the Applied Science Department, has sustained 
a very seal loss. Not only was he a man of considerable 
attainment,, a hard worker, unsparing of himself in 
lecture room and laboratory alike, but he possessed a 
genial and kindly personality, and was held in high 
esteem by both staff and students. 

He was the author of the following books : " Electric 
and Magnetic Circuite,"' Practical Electrical Measure¬ 
ments,'' '' Arithmetic of Electrical Engineering," " Arith¬ 
metic of Alternating Currents," "Electric Circuit 
Problems " ; and in addition he contributed numerous 
articles over a long period to the engineering journals. 
He made the testing of magnetic material his particular 
study, and during the war period was engaged in impor¬ 
tant magnetic tests in connection with magneto magnets 
and special nickel steels for the Aeronautical Inspection 
Department. Last year he wrote a series of articles 
entitled " The Elements of Magnetic Analysis," which 
appeared in Engineering and evoked favourable com¬ 
ment both at home and especially in the U.S.A. Many 
of the Sheffield steelworks, and also officials of the 
Indian Government, have sought liis advice on the 
choice and testing of magnetic materials for special 
purposes. Apart from his scholastic attainments, he 
was a well-known figure in local Freemason circles, a 
Past Master of the St. Leonard's Lodge, and one of the 
founders of the University Lodge. 

He was elected an Associate of the Institution in 
1894, was transferred to Associate Membership in 1899, 
and became a Member in IdOO. He was instrumental 
in the formation of what is now the Sheffield Sub- 
Centre and the Sheffield Studente' Section. 

C. H^H. 

JAMES HUNTER GRAY, K.C., M.A., B.Sc., died 
unexpectedly after a relatively short illness on tlie 
1st June, 1925. By his death the electrical industry 
especially, and industry in general, have lost one who 
was most enthusiastic in promoting development and 
progress, and in the exercise of hisi profession as a patent 
barrister his sympathies and efforts were ever in this 
direction?' Born at Midcalder, Midlothian, on the 
3rd September, 1867, *ie went at an early age to George 
Watsod's College, Edinburgh;^ and on compjpting a 
successful school career he chose the scientific profession. 
He elected to study under the late Prof. Blytli, LL.D., of 
Anderson's CblJiege, Glasgow, a physicist ai^i electrician 
of a high order \nd a model Jeacher. Mr. Hullter 
Gray, while specializing i^ mathdknatics and 4)hysics,^ 
educated himself in other ^irecfions in order tliati he 


j 

might qualify himself for the degree of Bachelor of 
Science in Lo^jdon University. Part of this ^duca|ion 
was obtained as a summer-session student at Edinburgh 
University, and the remainder by home study and at 
Anderson's College. 

After graduating at London University Prof. Blytli 
introdu^jed him to Lord Kelvin,^then Sir William Thdtn- 
son, who admitted him to the physical laboratory, in 
Glasgow University as a research student. While 
devoting the main part of his time to research and 
the study of higher mathematics and physics, Mr. 
Hunt^ Gray attended the usual Arts classes and 
CTaduated Master of Arts in the University, at the same 
nme carrying on his research work in the laboratory. 
The results of some of this work were published in the 
proceedings of scientific societies and it may be useful 
to mention three * of these, as tliey are of interest to 
engineers. The first-mentioned is of special interest to 
electrical engineers concerned with wireless. 

In 1891, the 1851 Exliibition Scholarships were 
instituted and Mr. Hunter Gray w^as nominated by 
Lord Kelvin as tlie University of Glasgow Scholar. 
The above-mentioned researches were carried out 
during the tenure of his Exhibition Scholarship. To¬ 
wards the end of this period the well-known cordite 
patent action of Nobel v, Anderson was started and 
Dr. Bottomley (Lord Kelvin's nephew), who was retained 
by Nobels as a scientific witness, asked Mr. Hunter Gray 
to assist him with the experimental work on the case. 
He was thus brought into contact with Fletcher Moulton 
and other men then prominent at the English Bar. 
This case decided him to adopt the career in which he 
became so eminent. Not content with eating his dinners 
and studying law for his Bar examinations, he gained 
considerable knowledge of the practice of the law as 
a pupil in the office of a prominent firm of London 
solicitors before he was called to the Bar in 1896. 

He was elected an Associate of the Institution in 1899 
and became a Member in 1919. He served on the Council 
frcJm 1916 to 1918, and his services were at all times 
freely available to the Institution. In this connection 
he served on several of its Committees, including that 
under Mr. Mordey on the 1919 Patents Act, \^here the 
assistance that he gave was most valuable. His work 
whether on committee or otherwise was most^entlftisiasti- 
cally and unostentatiously done. 

There are few patent actions reported during the last 
2 6 ^years in which he was not prominep.t. It may be 
said that there was not a single action relating to 
^ electrical patents in which he did upt appear as counsel 
and mostly in favour of the patentee. In addition, he 
acted for the Crown on many occasions on electrical 
accident inquiries; in cases under the Rioyal Commission 
on Awards to Inventors, sometimes for, and sometimes 
against, the Otown. He was intensely interested in 
his profession and iij. the technical subjects with yrhich 
he had to deal. He took infinite pains to understand 
his case, and he was incapable of takii^^in argument 

* J. Huntcr Gray; “Slow Oscillations produced on discliarglng Electric 
Condensers of Great Capacity,’* Report of the British Assocutiion for the Advance^^ 
ment cf Science, Edinburghf 1892. 

J. HuMrisR Gray and J. B. HeRdrrson : “Tlie Effects of Mechanical Stress 
I on the Electrical Resistance of Metals/’ Proceedings of the Royal Society, 1893. 

J. Hunter Gray: “ On a Method fen determining the Thenml Conductivity 
of Metals, with applications to.jCoppcr, Silver, Gold and Platinum,** Proceeding 
of ike Royal Society, V&H. « 
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what he considered to be a bad- point. In his conduct 
of ^ case^ whether as examiner or cross-examiner, ^e 
alw£ 3 rs followed a definite liji^ which h^ had planned 
beforehand so as to develop his case as shortly as possible, 
and in summing jip he was brief and concise, in many 
cases too brief to satisfy the eager client, but more often 
thaw otherwise he achieved ^e result that he and the 
client desired. 

'Sir. Hunter Gray, or Jimmy ** as his many friends 
and* intimates called him, was pot only eminent and 
popular in his profession but his lovable disposition and 
character endeared him to all with whom he came in 
contact. One cannot better the estimate of the im¬ 
pression which he made on his fellows than that which 
is contained in the following extract from the beautiful 
tribute to his memory by Lord Hewart, the Lord Chief 
Justice, in The Times of the 6th June:—But if 
‘ Jimmy" had a genius for law and a genius for 
advocacy, he had also something far more important 
than either or both—a genius for friendship. No 
man was ever more beloved by those who knew him. 
He had not one enemy. While there was nobody who 
spoke, or had occasion to speak, one word against him, 
his praises were on all men's lips, as they are to-day 
when we miss him and deplore his loss—^the staunchness 
and tenderness of his friendship ; the complete lovable¬ 
ness and simplicity of his character; the playfulness 
and humour which, while they revealed the heart of a 
child, drew all children to him; the unselfishness and 
generosity which were not so much characteristics of 
his life as the very essence of his life itself." 

OLIVER HEAVISIDE, F.R.S., the first Faraday 
Medallist of the Institution, was an eccentric genius, 
such as occur from time to time in the history of 
science and the arts, one of those who seem to have a 
native faculty either of understanding recondite matters 
or of doing things which to ordinary people are inexpli¬ 
cable, and yet who find it dif6.cult to mix with their 
fellows, and have less than a competent grip on istie 
ord i nary^ affairs of life. Puzzling psychical probleihs 
are not unknown. An infant prodigy presents, a 
problem not easy of solution. A child is sometimes 
found who can play a musical instrument without 
having «gone through the drudgery of learning, or who 
has an innate faculty for arithmetical calculation. We 
can hardly tell whence such a faculty arises, nor what 
^ may be its result. That Oliver Heaviside was •a 
'‘prodigy of thi# class there is no evidence to show. 
Details of his youlh are unknown to the public. He 
would seem to have l5een an ordinary telegraph operator 
when first known, but one who developed a surprising 
.'mathematical faculty without- app^ently adequate 
cause and to whom the details of recondite electrical 
theory seemed simple and obvious. H# had not the 
advantages—or, as he might have said, the dis¬ 
advantages—-of a Cambridge training ; and his mathe¬ 
matics were .ngt of the Cambridge type. It may be 
that they were more of the German type; but there 
is no reason to suppose that he learnt them in Germany, 
nor,is it easy to say where he learnt them. Hi^ treat¬ 
ment of science had idiosyncrasies of its own; and he 
yarned to know intuitively whg^t most able people 


have to spend years in learning.* ^The result was that 
for some time his writings were difficult to read and 
were for the most part unappreciated by orthodox 
mathematicians; whilst to many electricians they 
seemed in thef clouds, with no likelihood of practical 
application to the affairs of earth. 

He is not to be put on a level with Clerk Maxwell, 
who grasped the experimental facts discovered by 
Faraday and threw them into mathem^cal form so 
as to deduce from them by regular process their inti¬ 
mate meaning and vital and important consequences. 
He was rather one who absorbed ^tjie views of Clerk 
Maxwell, apparently without effort, and applied them 
in his owniway with further elaboration and results. 
In the " Electrical Papers," which for years 

were published in the Electrician and were collected 
in two volumes under that title, he covered a great 
part of electrical science after his own manner; and 
in his subsequently-produced three volumes on 
" Electromagnetic Theory" he collected those which 
had a special bearing on telegraphy in its widest sense, 
and developed them with special attention to the new 
theory of electric waves. 

Everything that concerned the interaction of etiier 
and matter must have had a fascination for him. He 
absorbed (after his own fashion) the essence of 
Poynting's theorem about the way in which electric 
and magnetic fields were interlocked, and how their 
interaction inevitably resulted in locomotion—^whether 
the free locomotion of something with the speed of 
light, which we are fa,miliar with as radiation without 
exactly knowing what it consists of, or the more con¬ 
strained locomotion of matter under electromagnetic 
influence, which is equally familiar in d 3 naamos and 
electric motors. He knew no more than the rest of 
us what the etheric modifications called an electric 
field, on the one hand, and a magnetic field, on the 
other, really consist of; but he recognized an electric 
charge as a peculiar modification of the ether, and 
devoted himself to the problem of what happens when 
an electric charge is made tp move, thereby developing 
or exhibiting magnetic effects. 

A ‘great part of the theory of electric waves was 
elaborated in more ortho3ox fashion by Hertz; but 
Heaviside pursued the subject into remarkable detail, 
anc^recognized that thSse waves constituted the founda¬ 
tion for electric telegraphy of all kinds. He drew no 
distinction of a fundamental kind between radio tele¬ 
graphy in free space and the other kind which is guided 
by conductors: to» him the processes were funda¬ 
mentally the same, and only modified by artificial 
arrangements and special constructions. He thus 
approached telegraph;;^ from what ihay be called the 
"wave" end, emphasizing, from the beginning the 
vital importance of what was known as sel^induction; 
he elaborated the influence of the two great^and still 
unknown etherial constants, and he thus gaye the 
theory df telegraphy in^its most general and^ compre¬ 
hensive form. 

To eater into a little more detail. The aclhievement 
whigh first ffrought hfin into effectiW flbtice was the 
fact that hie extendejJ tod supplemented Lord Kelvin's 
original ^eory of cable teJd^aphy (which so far had 
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been conducted on thfe lin^s of Fourier’s theory of the 
conduction of ^jeat), by introducing the factor of 
inductance or self-induction, which up to that time, 
so far as it has been attended to at all, was regarded 
by practicsa telegraphists as a bugbear^ or a ^nuisance 
to be got rid of or eliminated as far as possible. He 
showed that Lord Kelvin’s diffusion theory was very 
incomplete, and that by attention to the ignored factor 
it might be.possible to attain much better results. 
In fact he gave the complete theory of cable and all 
other telegraphy, showing that in every case it depended 
on waves travdliu^g through the ether, which were 
guided but at the same time modified, smoothed out, 
attenuated and distorted by material substances, 
esp^cijjly by the conductors which were used to guide 
them to their destination. Fortunately, Lord Kelvin— 
though he never apprehended electric waves to their 
full extent and was doubtful about many points in 
Clerk Maxwell’s theory—^was able to recognize that 
his diffusion theor}' was incomplete and that Heaviside 
had made a great step in advance. He recognized 
fully that Heaviside’s theory of cable signal^g wm 
more complete than his own; and his recognition did 
muph to introduce Heaviside to the knowledge of the 
wider electric world. 

Before that time only a few—such as FitzGerald 
and Lodge and Searle and Perry—^had seen any possible 
useful meaning in Heaviside’s rather eccentric lucubra¬ 
tions, Perry having been attracted to them by the 
ingenuity of some fractional differential operators like 
which were known to pure mathematicians 
like Henrici but which had not been applied to physic^ 
problems. But Heaviside’s ambition was that his 
work should be recognized not merely by mathema¬ 
ticians, with whom he probably felt himself on equal 
terms, but by practical telegraphists ; for he saw that 
his mode of regarding the facts, and his completer 
theory, must in the long run have a revolutionary 
effect on telegraphic and especially telephonic trans¬ 
mission. So he was bitterly disappointed when British 
telegraphic authorities, headed by Sir William Preece, 
who regarded his notions as absurd, caused his papers 
and those of his brother W. Heaviside—who', still 
engaged in northern telegraphic enterprise, sought to 
put them into concrete and practical form—^to be 
rejected by the Society of Tele^aph Engineers. ^For 
what he regarded as the ridicule thus cast upon his 
work by practical men he never forgave Sir William 
Preece, and throughout his subsequent writings there 
occur sarcastic references to those in authority who 
were unable to recognize the truth of what specially 
concerned their He even managed to introduce 
these sarcasms, in a veiled fom^—so veiled as tb seem 
inoffensive and probably unintelligible to the editor 
and othfet readers—into the concluding portion of his 
article the Th^ry of Telegrapjiy ” in the tenth 
or supplementary edition of the ” Encyclopaedia 
Britaipiica.” * ^ 

That Heaviside’s theory has now been applied on 
an extensi*ve ^ale both to seg, and land telfegraphy 
and telephony—especially perhaps in the United 
States under th0* auspices of •tjie Western^and the 
General Electric CompsSiJbs—^^e all know. Among 


the first to take the theory up and seek to’* make it 
practical was Silvanus .Thompson in this country and, 
with considefable success. Dr. Pupin ia AmeSica. 
The main feature is the purposed introduction of that 
bugbear of old telegraphists/self-induction, in order to 
give momentum to the waves and thus counter the 
deleterious influence of resi^ance and capacity. Heavi¬ 
side knew well enough that if the dissipation of energy 
by metallic resistance could be abolished, transmission 
would be easy and distortion reduced to zero. That 
is what constitutes the great advantage of radio or 
wireless telegraphy: the waves are there travelling in 
a perfectly tiansparent medium, without resistance or 
Sbsorption of energy, nothing but mere attenuation 
with distance; and accordingly every feature of the 
wave is preserved, so that they arrive just as they 
were sent, waves of all lengths travelling with tlie 
same speed, and the shape or features of the waves 
are ma 4 ntained intact, as good as new, even though 
the amplitude or energy might be reduced to a mil¬ 
lionth or a billionth of what it was at the start. The 
essence of the problem is that the electric and magnetic 
energies must be maintained equal, as the essential 
condition for a true wave. Any absorption of current 
or magnetic energy, leaving one factor stronger than 
the other, would begin to reflect part of the wave back 
upon itself, would cause different harmonics to go at 
different rates, and the features would accordingly be 
smoothed out, as a coach spring smoothes out the 
irregularities of a road. Elasticity and friction were 
the deleterious elements: momentum is needed to 
counteract them; and this momentum, which in the 
ether is of a magnetic character, could be provided in 
cases where resistance and capacity were inevitable, 
by the introduction of induction coils at short enough 
intervals, or by the continuous increase of inductance, 
as by coating a copper conductor with a sufiB.ciently 
permeable coat of special quality iron. In that way 
the lost magnetic energy could be replaced, and the 
t^o energies still kept more nearly equal. 

* The writer has dealt at some length with thi^ matter, 
which doubtless is now fairly familiar to electrical 
engineers, because of its practical interest and impor¬ 
tance ; but the theory of electrical waves,’' as given 
especially in Heaviside’s third volume, may ultimately 
turn out to have features of still more absorbing interest. 
It is too soon as yet to realize the bearing of his writ¬ 
ings on the theory of the ether, a theory to whkfli Sir^ 
Joseph Larmor, Lord Kelvin and^ (?. F. FitzGeraldr 
have in their own way so powerfully contributed, and 
which has since been extended by Planck and Einstein 
and Eddington 3.nd Jeans, without (in some cases) 
explicit recognition of what the bearing o£ 

their theories will be. Meanwhile that article in the 
Encyclopaedia Britannica ” above referred to, which 
is reproduced in Heaviside’s third volume of " Electro¬ 
magnetic Theory,” is a wonderful summary of tiectro- 
magnetic doctrine; a little puzzlingj 4n places, as 
usual, because of his mode of expression, but exhibiting 
a comprehensive grasp of the main features* of the 
problem, and a clear statement of what is at present 
known, such as few others would have been able to put 
in se small a compass. 
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Not only in this country but ratlier specially on the 
Consent ta’nd in America has 'Heaviside’s work been 
appreciated, and even his reformed nomenclature often 
adopted. For instance. Professor H. A. Lorentz in his 
admirable lecture^in 1906 on " The Theory of Electrons ” 
• (published in this country in 1909) says concerning 
Mai^eirs equations : “ We kiall not use these fermulae 
in. the rather complicated form in which they can be 
found in Maxwell’s treatise, but in the clearer and 
more condensed form that has been given them by 
Heaviside and Hertz,” Then he goes on to approve 
Heaviside’s crusade against what he called the eruption 
of 47r*s, due to the original statement by Coulomb oj 
the force between two charges, with in the denomi¬ 
nator instead of 477 ^®—^which would have been better, 
since e and m would have then given the total number 
of lines of force, instead of the lines through unit angle ; 
and 477 would have been eliminated from a great 
number of equations if it had been introduced in its 
simple and natural place. So Lorentz goes on: ” In 
order to simplify matters as much as possible, I shall 
further introduce units of such a kind that we get rid 
of the larger part of such factors as 477 and l/(47r), by 
which the formulae were originally encumbered. As 
you well know, it was Heaviside who most strongly 
advocated the banishing of these superfluous factors, 
and it will be well, I think, to follow his advice.” This 
may seem a small matter, but a practical appreciation 
by so great a man as Prof. Lorentz could not fail to 
be gratifying, and is t 5 rpical of the widespread recog¬ 
nition of Heaviside’s work, which, delayed through 
many impecunious years, did ultimately begin during 
the later portion of his life. 

The facts of Oliver Heaviside’s life havp been 
recorded elsewhere, and may here be reproduced as 
this is an obituary notice. The writer’s own personal 
appreciation of him will be found in the Electrician 
(1926, vol. 94, p. 174), and on page 186 of the same 
number will be found a portrait, the only one knovgi 
to exist. ^ 

Concerning his work as a young man, Mr. W. Brown 
writes as follows : ” As a junior telegraph clerk I 

worked with Mr, O. Heaviside in 1868, He was then 
a young man and was employed by the Danish Cable 
Co. (the*Gre 9 .t Northern Telegraph Co.) as telegraphist. 
The d§.ble was terminated in, and operated from, the 
office of the United Kingdom Telegraph Co.—the 
3)ioneer of the sljjilling rate—^in Queen-street, Quayside, 
Newcastle-on-Tyne^ Wheatstone apparatus was used, 
and it was on that c^cuit, Newcastle-on-Tyne to Jut¬ 
land, where I made rtiy first acquaijptance with that 
system. Oliver Heaviside was the principal operator 
at Newcastle—appointed no doubt by^the influence of 
. his uncle. Sir Charles Wheatstone. He was usually 
on day duty. He was a very gentlefiaanly-looking 
young,man, alwa}^ well drdssed, of slim build, fair 
hair, and ruddy complexion. I think he was there 
until the trahstfer, after which the cable company 
^nted a room adjoining those occupied by the Post 
Office, wherein the combined plant of the acquired 
coinpanies was concentrated. The cable telegrams 
w^e then passed through a hatch in the doorway 
separating the premises and the sfeffs, and from ?hat 


time I lost sight of Oliver HeavisiSe. My next recol¬ 
lection of him was when he emerged as atmathematician.” 

The following biographical facts are taken from 
portions of an^ excellent obituary notice in Nature of 
February* 14th, 1926, by Dr. Alexander Russell: 

” Heaviside was bom in London on May 13, 1860. 
After leaving school he obtained a post with the Great 
Northern Telegraph Co. at Newcastle-on^Tyne, which 
he held for several years. During this period he com¬ 
municated papers to the English J^echanic, the Tele¬ 
graphic Journal and the Philosaphical^^aganne. These 
papers are of more than average ability and show 
great promise. For example, in 1873 he showed tjjiat 
quadruplex telegraphy was a possibility. He published, 
many papers, which gradually became more and more 
technical and more and more difficult to understand, 
as it became necessary, in order to avoid, repetition, 
to assume that the reader knew some of the writer’s 
previous work. Consequently he had difficulty in 
getting them published in the ordinary technical 
journals. He had, moreover, to run tlae gauntlet of 
a good deal of unintelligent criticism, and none of his 
discoveries received that immediate recognition whfich 
their merit deserved. Heaviside communicated to the 
Society of Telegraph Engineers (now the Institution of 
Electrical Engineers) a paper solving the problem of 
the electrostatic and electromagnetic interfercncs 
between overhead parallel wires, a problem which has 
come to the front at the present time. His methods 
of measuring mutual inductance, published in 1887, 
are of great value in themselves, and, like most of 
Heaviside’s work, have been most fruitful in suggesting 
extensions to others. He was the first to solve the 
problem of the high-frequency resistance and inductance 
of a concentric main. It would probably have remained 
neglected for many years had not Kelvin given some^ 
of his results in his presidential address to the Institu¬ 
tion of Electrical Engineers in 1889. From the practical 
p&int of view, Heaviside’s most important work was 
laying the foundation of the modem theory of tele¬ 
phonic tfansmission. His theory of the distortionless 
circuit showed clearly the* lines on which telephony 
could be developed. Working on tliese lines some ten 
years later. Prof. Michgel Pupin in the United States 
developed his loading coils, and long-distance telephony 
was bom. In 1891 Heaviside was elected a Fellow of 
the Royal Society. In 1892 his earlier ' Electrical 
Papers ’ were published in two volumes. The value 
• of his work began then to be realized by electricians. 
He did perhaps more than any man to show the value 
of a knowledge of physics and of mathematical theory 
in the electrical industipy. Pupin has said that Heavi¬ 
side did much * to introduce the living lanjjuagp of 
physics in place of the sign language of msfthematical 
analysis.’ The first volume of* Heaviside*s great 
work on^'Electromagneljc Theory’ was publisKed in 
1893 and the second in 1899. His original ifitention 
, was to publish the third volume in 1904 aiid the. con- 
. eluding volunie in 191% but this he fpnivi impossible, 
and %o published the -(jiird and concluding volume in 
1912. HeaTdside wa^'&e to give the theory of 
the steady rectilinear motipn of an electron through 
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the ether, a theory which has been developed by 
others—notably^ by Searle—^with important results. 
He was one of the first to predict the increase of mass 
of a moving charge when its speed becegnes very great. 
To verify all Heaviside’s reasoning*, and especially to 
examine the validity of some of his mathematical 
methods, will provide work for many mathematicians 
and physicists. Many theorems given in his article 
ou the ' Tlieory of the Electric Telegraph ’ in the 
"Encyclopaedia Britannica" are constantly quoted by 
the writers of textbeoks. In particular his description of 
what is now called the ’ Heaviside layer,’ by means of 
which Hertzian waves are supposed to be bent round 
Ite earth, is familiar to every radio engineer. In 
the later years of his life Heaviside was one whom 
every elebtrical engineer delighted to honour. In 
1908 he was elected an Honorary Member of the 
Institutioi^ of Electrical Engineers. When in 1921 
the Faraday Medal was founded, it was universally 
considered most appropriate that Heaviside should 
be the first Faraday medallist. The president, Mr. 
J. S. Highfield, went to Torquay and presented it to 
iiim in person. He was an honorary Ph.D. of Gottingen, 
an honorary member of the Literary and Philosophica 
Society of Manchester and of the American Academy 
of Arts and Sciences. For fifty years Heaviside lived 
practically a hermit’s life in Devon. He was a goo 
correspondent, but very dfficult to approach personaUy. 
In his later years Dr. and Mrs. Searle, of Cambridge, 
were practically his only friends. 
gave him a Civil List pension, and about tw®n^ 
ago Mr. Asquith increased it. The Institotion of 
Electrical Engineers took a filial interest in him, ^d 
it is gratifying to remember that during the 
years of his life the Institution kept in constaut touch 
with him. In the preface to his ’ Electrical Papers 
he says that the question ’Will it 
interested him. He died at Torquay on Tuesday, 
February 3 (1925), and was buned on Friday, 
February 6, in the same grave as Ms father 
only rdatives, and Mr. R. H. Tree 
Institution of Electrical 

Thus ended the life of ohe who has left a re^rd of 
work which has proved of great value to the worl^ ^ 

ARTHUR TACOB died at his home at Hatch End, 

His eaxly experience wp ^ed Electric 

Ferranti, then in London 

of eleSidty L lighting and 
to und^e thes^piy o ^taat engmeer 

poYjer purposes. Mi. Jawb w successively 

with this company for fiv^y^. a™ S 
chafge of their mains, afthe time 

station ; • this plant, ^ ^ of economic 

power diitobulion by ^ 


to the Electricity Supply Co. for Spain, Ltd,, at Madrid. 
Subsequently^ as chief .resident engineer ta tiie British 
Thomson-Houston Co., Ltd., he was responsible for 
the conversion of the entire Dublin L'niled Tramways 
system from horse to electric traction, the contract 
including the erection of'tw'o power stations-and sub-, 
statioijs for the supply of polyphase and direct current 
for the operation of 300 cars on 42 miles of track. On 
completion, IVIr. Jacob operated this system for a 
period of three months before handing over. Later, 
as general manager of the British Schuckert Electric 
Co.^ he was responsible for traction, power and lighting 
schemes for the Corporations of Paisley, Co\*entry, 
^Southampton and Birmingliam, respectively, as well 
as for the Dunlop Rubber Co. and numerous other 
municipal and private undertakings. On the acquisi¬ 
tion of the British Schuckert Electric Co. by Sieniens- 
Schuckertwerke, Berlin, ^Ir. Jacob joined Siemens 
Brothers and Co., Ltd., and upon the formation by 
that company of Siemens Brothers Dynamo Works, 
Ltd., undertook the management of the latter com¬ 
pany’s central station department. In January" 1908 
he became a member of the management of the British 
Aluminium Co., Ltd., aluminium producers, and until 
the time of his death was charged with the develop¬ 
ment of the use of aluminium for industrial purposes 
in general, and electrical purposes in particular; in 
later years he also directed certain of the company's 
subsidiary undertakings. IMr. Jacob was a member 
of the Overhead Transmission Line Materials Committee 
of the British Engineering Standards Association; 
also a member of the Overhead Wires Committee of 
the British Electrical and Allied Industries Research 
Association. In addition to being a Member of the 
Institution he was a member of the American 
Institute of Electrical Engineers and tlie American 
Electrochemical Society, an original member of the 
Institute of Metals, and a member of Executive 
of the Federation of British Industries, the British 
TEngineers* Association, the Industrial League and 
^Council and other organizations. To his ..colleagues, 
as well as to a large circle of friends and acquaintances 
in this and other countries, the untimely death of 
Mr. Jacob brought a distinct sense of loss. A man 
of no mean powers, he combined with th^e a soundness 
of character, an attractive personality, wmrm sympathies 
and a ready wit, establishing in the course of y earn an 
•extensive personal connection in the en^neenng 
industries. He was elected a Membe? of the ^ostitufaon 
in 1901. , 

WALTER I?ANGDON-DAVIES died in December 
1924 at the age of 57 after a long; and 
Although his life cannot be described as one of 
success: yet. there are not a few in the electrical w ^d 
who ^vill recall him for many years to come as an e 
and eager pioneer who broke new groun , ^ - 

for Ms owi purposes, but more ofteq. M 
for others. He received his scientific 
the School of Mines, now the Royal CMlege 
at South Kensington. His first work 
father, Charles Langdon-Davies, who % a , 

tfine developing the phonopore, a telegraphi 
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of the von R37sselberg period. While engaged on this 
he <^visec3tthe induction motor, which wa% later hrou^t 
out by a company bearing his name. For some yearn 
he was the techmcal director of this company. After¬ 
wards he went tb Vancouver, where he worked as a 
• coiMultant with the great power distribution company of 
British Columbia, On hk return to England he dfevoted 
himself to electric welding, and the Daysohms Welding 
Co. .was formed to develop his inventions. With this 
company he was connected until his death. So bald 
a record of his activities must seem to those who knew 
him an inadequate reflection of the absorbing paifeion 
for electrical discovery which animated him almost tc^ 
the exclusion of any other interest. Nor was his 
method of research that which is in favour at universities 
and places where they proceed by careful induction. 
With him it was always instinct,'' writes a friend, 
and instinct nearly always right; then experimental 
proof; then theory; and, last and least, reward. He 
had more scientific curiosity and enthusiasm ’ Mnan 
anyone I ever knew." It was as he lay in the last 
few montl^ on his bed of pain that he formed the 
determination to leave his body, racked as it was with 
cancer, for purposes of research, and the present writer 
recalls -^e enthusiasm with which he said one day 
that this was ^e future life to which he looked 
forw^d and, since otherwise he was now useless, 
the sooner the new life began the better. He was 
elected a Member of the Institution in 1919. 

B. N. L.-D. 


ANDREW BRUCE MACLEAN was bom in Glasgow 
m 1866 and died on the 17th May, 1926. Educated 
in Glasgow, he left school early to take up a career of 
comlnerce. While still a boy he joined the Glasgow 
agency of the India Rubber, Gutta Percha and Tele- 
^aph Works Co., Ltd. (the Silvertown Company), 
men under the management of the late Mr. Matthew 
Gray. His business aptitude and alertness wer^ 
quicldy recognked by Mr. Gray, and rapid promotion^ 
followed. »V^le still in his early twenties he was 
appointed to the Silvertown agency in Sheffield; this 
Was followed a few years later by the similar post in 
Birmingham, and in 1890 he returned to Glasgow to 
t^e chafge qf the Silvertown agency in his native 
city. Ke continued with the company nn - Hl 1897 
when he founded the Craigpark Co., Ltd. Five year^ 
l^er the need foj expansion of premises, and of the 
busmess generally, called for further capital. A suit¬ 
able factory was foun4 in Spiingbum, and the hew 
company, the Craigpark Electric Cabk Co., Ltd., of 
w^ch he was managing director until his death, absorbed 
the ongmal company. His tireless ener^, iearlessness, 
grasp of detail and an unusually quick and active 
mind soon led the company through t&e troubled 
.wat^ qf Its early years. The electric^ trade loses 
pne of Its oldest members ,* probably no one at the 
.present time casifdaim to have been in the trade for 
64 yearn. In Scotland at any rate he was, from the 

^ pioneer, and he was 
probably the fli:pt to attempt to seU telephones for 
use m offic^ and factories, and this at a time when 
exchanges had not been thought -bf* His geniaSy 


and k in dliness endeared him to a larg^ circle of friends, 
who were quick to appreciate his sterling qualities of 
heart and mind. He was elected a Member of the 
Instituti<m in 1^04. . * M. M. 

WILLIAM LEONARD MADGEN died in January 
1926 at the age of 63 years. He was a pupil in the 
School of Electrical Engineering, Hajjover-square. 
He then joined the Telephone Company, and in 1882 
went to Belfast as district manager; a little later he 
joined Woodhouse and Rawson as of their depart¬ 
ment^ managers. Between 1888 and 1891 he was 
associated with Mr. ManviUe (now Sir Edward Man- 
ville) and with Mr. Statter. In 1892 he co-op^^afed 
ydth the late Robert Hammond in establishing th'e* 
journal Lightning (now the Electrical Times). In 1893 
he was engaged in developing the Ferranti meter busi¬ 
ness. During the next three years he was occupied 
with propaganda relating to the maximum demand 
system of charging for electricity, introduced by Mr. 
Arthur Wright. In 1896 he did important work in 
coimection with the formation of the Municipal Electrical 
I Association. He and the writer thus approaclied ijae 
development of the electrical industry from opposite 
poles. He was at first a strong advocate of municipal 
trading; but he changed his views, notwithstanding 
his close association with municipal authorities, and* 
became a supporter of the Industrial Freedom League, 
formed to show the unwisdom of developing the 
electrical industry on parochial lines.’ In 1900 he 
was busy promoting electrical power Acts; his paper 
and the discussions before the Institution on this 
subject, published in the Journal, constitute interesting 
landmarks in the development of the industry. When 
in 1897 the Electrical Power Distribution Co. was 
formed, no outside capital could be raised for the 
enterprise; for even the writer's group 

regarded it as too speculative. The pioneering work 
of^this company required several years of hard work 
without profit; some time later the British Electric 
Traction Qo. absorbed the E.P.D. Company, and Mx. 
Magden became a director of Jhe B.E.T. Company. His 
ideas of business were tempered by social views prompted 
by genuine, not political, desire to ameliorate the con¬ 
ditions of the masses, ^ is shown by his paper on 
"Industrial Distribution: the Crux of the Over¬ 
crowding Question " (Journal of the Royal Society of 
Arts, 1902). In his schemes he aimed at S 3 mmetry 
completeness noti generally attainable. This is 
seen in the titles he adopted. For instance, a little 
lighting company for Lewes was called the County of 
Sussex Company. He had a friendly* emotional dis¬ 
position, with a keen sense of * justice. He could easily 
forget as well as fprgive unintentional injuriejn'^l^t "he , 
would never forgive^ the sins of ms^cerity. U^ifortu- 
nately, he did not stifficiently organize his activities on 
patters outside business t<^ obtain the diversion wjfich 
intense application to responsible work required. He 
was elected an Associate of the Institution in 1881. ^d 
aMemJ>OT in xm. • . ^ ^ 

’ 

WALTER MARKBY was 4)6m in London in 1866 
and died suddenly from heart failure at' his hbide in 
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Paddington on theP 29th-November, 1924. He was 
apprenticed at 4^e North London Railway Works, 
going through the fitting shop and drawing ofiice, and 
went direct from there, in June 1890, ^to the M^o- 
politan Eldbtric Supply Co. under Mr-. Fran:^ Bailey. 
He remained all his life in the service of this company. 
Starting in the drawing office, he transferred as an 
engineer in charge of the old underground generating 
station at Whitehall to Manchester-Square station in 
1892. In 1893 he became superintendent engineer at 
Whitehall Court and in 1894 superintendent at the 
company’s Ambertey-road station, being in 1902 trans¬ 
ferred to the main generating station at Willesden as 
superiiitend6iit and, upon tlie rotiremont of Mr. J. S. 
Highfield in 1916, was appointed diief engineer of the 
company, '\yhich position he held to within a few months 
of his death. Owing to an accident when very young, 
he was rendered permaneniiy lame. He was a man 
of very retiring disposition! whose every effort was 
centred in his work; consequently he was not very 
well known to the electrical profession. That he WM 
extremely kindhearted and greatly esteemed by his 
employees was evinced by the fact that every man who 
coi^d be spared attended the memorial service held 
in St. Saviour’s Church, Paddington, upon the occasion 
of his funeral. He was elected an Associate of the 
Institution in 1891, an Associate Member in 1899, 
Member in 1905. A. P. 

THOMAS COMMERPORD MARTIN was bom in 
London in 1856 and when quite young went to America, 
where from 1877 to 1879 he was associated with Edison 
in electrical development. In 1883 he was appomted 
editor of the Electrical World and held that* position 
for seven years, resigning to assume the editorship of 
the Electrical Engineer. In 1899, when the EUctr^al 
World came linder the control of the McGraw-Hill 

* Publishing Co., which also purchased the Electrical 
Engineer and amalgamated the two papers, Mr. Martm 
again became editor of the Electrical World, holding 
post untU 1909. In addition to contributing on electrical 
subjects to periodicals, he wrote a number ©f boolp, 
amongst these being “ Tlje Electric Motor arfd ^ its 
AppHcations,** “Inventions, Researches and Writings 
of Nikola Tesla,^' Edison—His^Life and Inventions 
(in collaboration with Mr. F. L.*Dyer), and The Qjfcoiy 
of Electricity “ (in collaboration with Mr. S. L. Coles). 
Mr. Martin was elected a Foreign Member of the 
Institution in 1891 and a Member in 1911. He served 
as President of the American institute of Electrical 
Engineers in 1887 and as executive Secretary of the 
National Electric light Association from 1910 to 1919. 
He died on the 171h May, 1924, aj: the age of 67. • 

• hXR 5W BRYANT MATTHEWS was born in 1876. 
His engineering training was acquire^ partly m works, 
and partly in university classes. He attended aa a 
fuU-time student at two universities, but dfd not m 
either case fulfil all the conditions necessary for gainmg 
a dekree or toloma. His technical training 
nevertheless, moS thorough. He spent two years—•1902 
and 1903—at the Birmingham University as a r^earcfii 

. scljiolar, after winning in bompetition the Bowen 


Research Scholarship. During those two yearn he 
devoted a good deal of time to research workmen si^le- 
phase motors?' In September 1903 he was appointed 
senior lecturer in electrical engineering at the Bnmmg- 
ham Technical School, and remained ©n the staff there 
for nine years. He was an able and ef&cient 
and showed much initiative in Revising new and valuable 
laboratory arrangements by means of whi(^ • 
evening laboratory classes of an advanced grade ^uld 
be efficiently dealt with. He was very fond of teachtc^, 
was always kindly and sympathetic with his stedents, 
and proved to be a most successful head of an electacal 
engineering department. He was enthusiastic, and had 
5iany other attractive social characteristics which 
caused birn to be much liked by all who came in contact 
with him. 

He was elected an Associate Member of the Institution 
in. 1906 and a Member in 1913, and took an actwe part 
in the discussions of the Birmingham I^^ Semon, 
now South Midland Centre, but he had littie ambition 
to write formal papers describing his own expeimental 
work. His chief contribution is to be found in v olume 
40 of the Jomnal. and describes some of the results 
which he obtained on the distribution of magnetic 
fiux in the air-gaps of machines having slotted anmtiires. 
He acted as Honorary Secretary of the Bun^gh^ 
Local Section from 1906 until he left for India in 1912. 
He did excellent work for the Institution in ^is 
capacity, and was highly esteemed by his feUow 

a great interest in the Territorial movementi 
In 1908 he energetically assisted in raising the Telegraph 
Companies of the Southern Command. He held tte 
rank of Captain of the Wireless Section, a^d ^e 
first officer serving in that capacity in the kfrdlmds. 
His extensive personal acquaintance with young electr^ 
engineers, due to his two positions as a teacher in ae 
Technical School and as Honorary Secretary of t^. 
Local Section of the Institution,. enabled him to ex^ 
considerable influence in recruiting for the Corps ^ the 
dkys shortly before the war. In 1912. he was offered, 
and accepted, the post of Assistant Professor of El^tro- 
technology at the Indian Engineering Research Colkge, 
Bangalore. Later he became Professor of TEkctncal 
Engineering at the College of Engineering, rfjuin y, 
Madras. He returned to this country in February 1921 
on medical leave, owing to a nervous breakdo^ 
Kfought on by overwork, and did not recover sum-, 
ciently to take up his work agaim 'Tie died in the* 
summer of 1926. „ W. E. S. 

ALFRED ERREST MILLS, M.A., died on the 16th^ 
August at North Finchley at the age of 61. He wa5. 
educated at University College School, London, ^d 
Clare College/!. Cambridge, Owing to ill-health he did 
not follow an active engineering career but alwa^ took 
a great interest in the progress and development of 
' the science. In 1887 he was appqjitted .^istant 
• Secretary, to the Railway Benevolent Institution, and 
in 1898 became General Secretary. He hdd .that 
' position for 27 years, eventually retiring at the end of 
' 1924 owing to failing health. He w^ elected an. 
Associate of the Institution in 1886 and a Member ^ 
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1887, 'antt was also a Fellow of tlie Physical Society of 
London. . . G.M. 

JAMES PIGG died on the 8th July, 1926, aged 68 years, 
after a few days.'^ illness and an unsuccessful operation. 
Rejoined the Institution as an Associate in 1893, became 
an Associate Member in* 1899, and a Member in 1907. 
His association with electrical work began with tome of 
tile* earliest applications of electricity when, as a boy, 
he ’started work in the signals department of the 
Stockton and Darlington Railway. By steady applica¬ 
tion he rose to the position of inspector of a district, 
obtaining the elements of his theoretical training by 
evening study at the Durham College of Science, no# 
Armstrong College, Newcastle-on-Tyne. After the 
amalgamation which formed the North-Eastern Railway, 
when the company began, in 1891, to introduce electric 
lighting and power, he was selected to supervise the 
work. He was intimately connected with all electrical 
developments on that railway from that time until his 
retirement, and from 1901 held the position of Electrical 
Superintendent. During that period the electrical work 
on the railway developed from an annual consumption 
of one million units to 28 times that amount. Although 
the heavier applications of electrical energy formed the 
major portion of his later work, he still retained a keen 
interest in railway signalling. This was to some extent 
inherited, for his father was a signal inspector, and it 
was characteristic that, when in 1898 he published a 
book on Railway Block Signalling,” the title page 
carried the dedication To the Author's Father, an 
I.O.U.” This book was the first in this country dealing 
exclusively with the principles of train signalling and 
^PP3'i;atus for ensuring safety. 

He contributed frequently to the electrical journals, 
and read several papers before the Institution in London 
and at Newcastle-on-Tyne. His masterly paper on 
the problems of locomotive cab-signalling will be long 
remembered by those who heard it delivered. 

He served on the Committee of the Newcastle Local 
Section (now North-Eastern Centre) for several periocfe, 
and was chairman of the Section during the session 
1907-8. He retired from active work on the railway 
at the end of 1922 after 611 yeOsVS of service, and his 
death g^ccurred when the centenary of this, the first, 
railwg^y was^Deing celebrated. 

He was a shining example of a man who, having risen 
^to a high position by his own unaided effort, was si»ll 
♦quite'unspoiledtxy success. It was said of Mm by one 
who was to some** extent antagonistic to Mm in his 
earlier days, but whcTafterwards became one of Ms staff, 
'' I never before had such a fine man as my cMef.” 

:• ^ • f*o.h. 

Sir DAVID LIONEL GOLDSMID SJERN SALO¬ 
MONS, Bart., M.A., died on the 19th April, 1926, 
at the age of 73. He was the only son of PMlip 
Salomons of ^Brighton, and grandson of Sir Jacob 
Montefiore of ^ Sydney, New South Wales. From 
University College, London, he went up to Cambridge 
and ‘took a 2nd class in the. Natural Science Tripdfe in 
187S. In the "Same year he succeeded to the baronetcy 
of his uncle. Sir David Salomons, the Liberal Jew#who 


made a long fight for af^issfon to the House of 
Commons, and was the first of his faith to sit there. 
He was called to the Bar by the Middle Temple in 1874. 
He was a magistrate and Deputy-Lieutenant of Kent, 
and was High*Sheriff in 1881. .In 1882 he married a 
daughter of the late Baron Hermann de Stem, a sister 
of the first Lord Michelham. Sir David was one of 
the oldest members of the Institution, having joined the 
Society of Telegraph Engineers in IS'JS, only four 
years after its formation. It was on his proposal that 
the Institution was formed from the old Society. 
He was a member of the Council andT^onorary Treasurer 
for many years, and became a Vice-President. There 
is little doubt that if he had been a practising electrical 
engineer instead of a distinguished amateur he^wduld 
have occupied tire Presidential chair. He^ generously^ 
perpetuated his interest in and connection with the 
Institution by endowing the scholarship which is named 
after him. 

He took great interest in practical electrical applica¬ 
tions all his hfe, and established a laboratory and work¬ 
shop at Broomhill, Ms seat near Tunbridge Wells, 
where he did a great deal of experimental work. He 
claimed to be the first person in tMs country to ligh'J^his 
house by incandescent electric lamps—^that was in 1874, 
when all the accessories were home-made. His book 
on ” Electric Light Installations and the Management of 
Accumulators,” based on Ms own practical experienqj^, 
was one of the first on the subject. It passed through 
many editions. He was a director and the first chairman 
of the City of London Electric Lighting Co., Ltd. His 
interests were many and varied. He was a director 
of the South-Eastern Railway, and on its amalgamation 
with the other two lines he became a director of the 
Southern Railway. He was one of the pioneers of 
the motor-car. It is related that when he performed 
the opening ceremony of the electricity station at^ 
Tunbridge Wells—about 30 years ago—he arrived" 
from Broomhill with Lady Salomons in a motor-car, 
wMch by law was not allowed to travel on a public road 
at more than a walking pace and was preceded by a flag¬ 
man. At a very early period he made and used home¬ 
made electric carriages. He^organized the first motor-car 
exMbition—at Tunbridge Wells—and took a prominent 
part in the larger exMbition held shortly afterwards at 
the Cr 3 rstal Palace. Al: a meeting convened by him the 
Self-propelled Traffic Association was formed. As its 
first president he initiated and carried to success the 
movement to induce the Government, of the day to pass 
a measure removing the restrictions on such traffic. He 
was one of the founders and an honorary member of the 
Automobile Club de France, and a foimder and honorary 
president of the Aero Club de France.* 

He was greatly interested in early time-pieces, of 
wMch he had an important collection, inclvwHfjg fnany* 
examples of the work of Breguet^ He wrote^ a life of 
Breguet wMch was republished in a French edition for 
the cenlrena^ of that •famous French watchmaker. 
His continued interest in electrical matters as well as 
Ms kindliness is shown by Ms having till the last 
remained pr45ident of the Electrical 'KracHfes Benevolent 
Institution, ^ • • 

He leaves a widow «tnd fSree daughters. His only 
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,8on. Capt. David Sal®tfions*was drowned on m 

. the Hythe disastej in 1916. W. M. M. 


HERBERT WATSON SULLIVAN jomed the Tel^ 
graph Construction and Maintenance Co., Ltd., m 
1870 and served a three years’ apprentic^p with 
.them, at the conclusion of which he joined the Eastern 
Telegraph Co.; with whom, during a p«iod of six 
yearn, he undestook the charge of the elecMc^ 
meats of their Gibraltar station and assisted the late 
Mr. C. V. de Sauty in the first successful duplex expen- 
•ments’ on long sujifnarine cables. 
tinuous ill-health that so seriously handicapped m. 
Sullivan’s career then made itself apparent, and he 
was'imgOided home, but with charactenshc coura^ 
and de&nation he resumed his duties wx^ a few 
months, and served with the stafi afloat for two years. 

Rejoining the Telegraph Construction^d Mamten^e 

Co in 1879 Ke assisted at many important cable-laying 
undertakings, including the Ireland^Newfoundland, 
Singapore-Batavia, Lisbon-Madem^ 

Aden tripUcate, and the Straits of Sunda and M^a 
bique-Zanzibar dupUcate. Subsequently ^^me 
.associated with two French companies, 

Francatse des Cables T616graphiques and La Soci6tt 
Indultrielle des T616phones, for whom he install^ 
and organized a number of cable statu^ m 
.pax^ of the world. He served as electarician-in-c^ef 
^ copsuiting engineer respectively di^g 
facture and submersion of the last French ‘ 

ment cables between MarseUles and Tuni^ and betwe^ 
the Australian Continent and New Caledonia. 

1897 Mr. Sullivan established himself m busmess in 
order to manufacture certain patented i^traments, 
together with cable, testing, and tdegraph signaltog 
apWtos generally. The universal ^v^omet^ wtach 
he invented and devdoped achieved instant and world- 
•vnde reputation, and the whole range of work he pro¬ 
duced showed in a marked way the predommatog 
characteristic of the man-that of taking ^nite pams. 
The business steadily increased in prosperity and repu¬ 
tation, and in its a^istration Mr. Sulhvan 
that rare combination of firyin^s and tact tha. 
guided it through many difficulties and endued 
to those who have had the pleasure of working und^ 
him The valuable assistance which he rendered #o 
the Government in the early days of the war, ^ai^y 
in the development of wireless telegraphy, laid the 
foundations of an extensive connection ,*’^®. “°“® 
Departments and Foreign Governments, and with toe 
expressed wish of providing for its continuance after 
his death, Mr. Sullivan in 1922 formed the busmera 
into a limited company. During .the last few 
became dear that his health was so impaired that he 
.«hould*tal»*nore rest from the continuous detad '^rk 
sntailed by, the comfy’s ever-expanding activities, 
but his .detemiination to continue was unbroken and 
he died as he would have w&hed, in harness, iie 
was ^led an Associate of toe Institution in 1®*^® ^ 

a Member in 1892. ^ • » 

• • 

HUGH LAWRANCE WILLDUl^ received his^educa- 
tion at Charterhouse and Y^nity College, Cambridge, 


and from there went to Messrs. Thomas Parl^, 
Ltd., where he was a pupil from 1896 to 1899. Fr^n 
1900* to 1900* he was with Messrs. Lowdon Bros., 
leaving there to join the firm, of J. G:,White and Co. 
as constructional engineer. He became chief ragineer 
to Messrs. Balfour, Beatty; and Co., in 1909 on toe 
foundation of the busmess, and was one of the pnncipa^ 
of that firm from 1913; continuing in that position un« 
his death, which occurred on toe 26th July, 1926, at toe 
age of 62. He was elected an Associate Member of the 
Institution in 1909 and a Member in 1918. 


•GEORGE lilACDONALD WISE receivdl bis tech¬ 
nical education at the Victoria Technical Institute 
and the Glasgow and West of .Scotland Institute from 
1893 to 1896. He then became a pupU in the ship¬ 
building firm of Wm. Denny and Brothers. Ltd., 
Dumbarton. He first went to sea as an engmeCT and 
afterwards joined the staff of toe Bengal Iron and St^ 

Co at Barrakar. In 1907 he became associated with 
Messrs. Tata, Bombay. Soon after Jost’s En^emmg 
Co Ltd , electrical and mechanical engineers, Bombay, 
was formed, Mr. Wise became associated with it, fimt 
as assistant manager, then as manager, ^d fi^Uy 
as manning director, which office he held 
death on the 6to December, 1924. He was elected an 
Associate Member of the Institution in 1909 and a 
Member in 1922. . 

CHARLES HENRY WORDINGHAM, C.B.E., toed 
on the 28th January, 1925. His friends in the Insritu- 
tion who had for some tone taken a grave view of ^ 
illness, and the electrical world who were tak^ by 
surprise, heard with the deepest sorrow that Word- 
ingham, a- household name to all, Imd pass^ away. 
Bom at Twickenham on the 14th April, 1866, his totod 
being a medical man, he was educated at King’s College 
School, and in 1882 entered the Engineering IDepartin^l 
of •King’s College, London. Here he <^tingmsl^ 
hinJself, being, as he always was, an mdefatigablc 
worker and throwing himself into not only the d^- 
room and laboratory work, but also toe social qptiviti^ 
of the College. He was at one time secretary, and 
later president, of the King’s College Jni^if^g 
Society. He never lost his interest m ‘ King;f* 
at the time of his death was on the council and ddega^ 
of the,College and president of toe pid Students 

f*oTi?r^g King’s CoUege he i«as* articled to ^ 
late Dr. John Hopkinson, F.R.S., and Subsequ^ttjr 
was with toe United Telephone Co., but m 1®®® 
may be considered to .have made entry mto the 
branch.of the profession in which his future career 
was to lie, for i* that year he became third engineer at 
the Grosvenor Gallery generating station of toe. London 
ElAf.bHr. Supply Corporation, in charge of the standardi¬ 
zation department and the distributioa substations. 
Perhaps it was here that his mind turned to standardi¬ 
zation^ a subject in wliich he eventually took -so 

Prominent a part. # . . '. 

In 1892'he joined Br. John Hopkinson as assistant, 

and iff was in this capacity that he was engaged on 
* f 
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the firsf lighting station of the Manchester Corporation. 
O^^the completion- of the contract in 1894 he became 
the first City Electrical Engineer to the Manchester 
Coloration, a post which he held until 1901, during 
which time gfeat developments took place. Before 
he left, liis plan for a new combineci tramway and light¬ 
ing station with high-te^sidn distribution was completed 
and was subsequently carried out by tlie Corporation. 

In .1901 he left the Manchester Corporation and 
became a consulting engineer, carrying oiit certain 
Parliamentary work and work connected with company 
and municipal power and lighting schemes. 

In 1903 he was appointed Head of the Electrical Engi¬ 
neering Department of the Admiralty, in which capacity 
he reorganized the electrical equipment of the Navy. 
It was no doubt his experience gained in electrical 
distribution on land that led him to adopt lead-covered 
paper-insulated cables for the principal mains on the 
larger ships. He introduced many entirely new features 
into the equipment and, no doubt, in some cases met 
with considerable opposition to his strong views. 

Two matters outside his direct professional work were 
always in lois. mind. Standardization in the electrical 
world may alihost be said to be his work. He was the 
driving force behind nearly every section of tliis work, 
and as a collateral activity was chairman of the Ship 
Electrical Equipment Committee of the Institution, 
and at the time of his death was also chairman of its 
Wiring Rules Committee. Anotlier project at which 
he worked with great energy, arising from a need 
he had felt when he was with the Manchester Corpora¬ 
tion, was a scheme for a Proving House to which 
appliances and material could be submitted to be 
tested as to their compliance witli specified require¬ 
ments. Tliis scheme has not yet matured. He was 
a member of the Main Committee, and chairman of 
the Electrical Sectional Committee, of the British 
Engineering Standards Association, and a member 
of the British section of the International Electro¬ 
technical Commission. He represented the Insftitu- 
tion of Electrical Engineers on the General Bdard 
and Executive Committee of the National Physical 
Laboratory, was a member of the Council of the . 
British Electrical Development Association, in the 
foundation of which the Institution co-operated, and 
he •also represented the Institution on the Electrical 
Research Association, and was the first Chairman of 
the, Council^of the. British Electrical and i^lied 
Industries' Research Association, of which later he 
was .the first President." .He took a prominent part ip 
the fonnation of tne Incorporated Municipal Electrical 
Association and was .its second President, serving in 
that,capacity in. 1896-97. . , ^ 

. His connection with the Institution was a long one : 
^.became, an Associate in 1887, and aJiCember in 1894. 
He wprked-actively during the time he was in Manchester 
to strengthen ^e Institution in the provincial centres 
and was- Chairman of the Manchester Local Section,' 
now the Ijrorth-Western Centre, in . 1901., He served . 


on the Council from 1897^0 1908, from 1905 to 1908, 
and from 1909 to 1912; became Vice-President in 1914, 
was elected President in 1917 during the war period, 
and was re-elected President in 1918. His Presidential 
Addresg in l8l7 outlined a . scheme for the organization 
of the whole electrical profession and industry, and 
much that he then advocated has since been carried out. 
It was during this period that in the year 1918 he was 
created C.B.E., when he retired from th^Admiralty and 
again became a consulting engineer, and he was still 
in practice at the time of his death. 

He married in 1912 Emily Afiye, daughter of ihe 
late Charles John West, J.P., of Queensland, and his 
wife and^ five children survive him. 

His work at the Institution can be fully appreciated 
only by tliose on the Council and Committees of that 
body. No task was too great for the Institution he loved 
so well, and much of the great success and prosperity 
of the Institution of later years may be* traced to his 
work. He advocated and prepared the, way for the 
granting of the Charter by H.M. the King in 192 E. 

Of the man much might be written. In intellectual 
qualities he won through by sheer hard work rather 
than by brilliance ; he studied every side of a qu^tion, 
and so prepared for himself the elements of every 
I problem, and then logically developed the result that 
would follow, thus giving himself that clearness of 
prevision and foresight which he showed to such purgpse. 
Once having made up his own mind he became an 
enthusiast to convert every opponent, every waverer. 
He found it difficult to see other people's point of view 
-a strength and yet a weakness. Those who worked 
with him in committee know how much time he spent 
in trying—often successfully—^to convert a whole 
committee to his view. He occupied his mind little 
with abstruse questions of science or philosophy ; 
essentially simple in his method of life, intensely prac¬ 
tical in organization and management, satisfied with 
the religious faith of his forefathers, an ardent friend, 

> a helper of younger men, he endeared himself to all. 
Many will remember his tender affection for his mother, 
who for many years, accompanied him at the functions 
which he attended. Abqut two years before liis death 
he had a serious breakdown, but he was ill before this 
happened. The first sign to his friends who knew him 
^ell was when, at a^dinner of an Association, he made 
a speech in which he practically despaired of the com¬ 
pletion of the work of the Wiring Rules Committee,, 
the first time he had ever been known to waver on a. 
matter upon which he had set his heart. Possibly the 
work he undertook during the war had already over¬ 
taxed him. After the recovery from this breakdown he 
returned to his accustomed tasl^, but he had lost 
power and was evidently working under difficulties ; 
his holiday did not refresh him, a secondt^rdkkdown* 
followed, a long illness borne ^bravely ajui hopefully 
ended more suddenly than anyone expected, leaving to 
the Institution and hiS^ friends a memory tho-t will long, 
shine as an example and an inspiration. B. A. 
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